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This book has the objective to provide a reference text for toxicologists,
materials scientists, and regulators by covering the key issues that define
interaction of nanomaterials with the immune system. Altering immune
responses can lead to many kinds of pathologies; therefore, it is important
to make adequate assessments before new nanomaterials are introduced
in the market. On the other hand, negative perception and excessive con-
cerns, based on incomplete or misleading results, need to be avoided by
communicating existing knowledge and by defining in the future clear
endpoints and thresholds for immunosafety regulations.

Nanotoxicology investigations often focus on toxicity leading to
death of cells or organisms, while important immune parameters can
be affected much earlier and at much lower doses. Some aspects of
immunity, for example allergic sensitivity and heightened danger for
risk persons with a frail immune system, are usually not covered at
all. This gap in nanosafety assessment needs to be filled, not only
from a scientific point of view but also for a better implementation of
relevant safety regulations. A friend and nanotoxicologist, Jan Mats, told
us once: “if we do not consider immunity, we keep studying the mouse
without seeing the elephant in the room.” To increase the awareness
of the importance of immunity in nanotoxicology, several years ago we
started the Immunosafety Focus Group within the Working Group
“Hazard” of the EU-supported NanoSafety Cluster, and this book
intends to disseminate knowledge gained by the research community in
this field.

The book covers several issues that all stakeholders in nanotechnology
should be aware of: identification of endpoints that are relevant for asses-
sing hazard, evaluating impact on immunologically frail populations,
considering allergic responses, and how to evaluate chronic/cumulative
effects. In addition, the book addresses a very important issue, that is,
how to shape and turn the immunomodulating properties of nanoma-
terials to our advantage for preventive strategies (such as vaccination)
or for therapeutic approaches in diseases where immunostimulation is
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desired (infections, tumors) or where immunosuppression in needed
(inflammatory diseases, allergies, autoimmunity).

Our goal is to raise awareness about the effects of nanomaterials on
our immune system, in order to ensure a safe design or safe use of such
materials. We also want to emphasize an especially useful role of the
immune system: it has been optimized by evolution to identify whether
or not specific foreign materials are dangerous to the body. Finding that
out is also the key question in nanosafety, so knowing the opinion of
the professional immune cells should be of particular interest to us.

Diana Boraschi and Albert Duschl
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How Innate and Adaptive Immunity Work

Diana Boraschi
CNR, Institute of Protein Biochemistry, Napoli, Italy

1.1 THE IMMUNE SYSTEM: PROTECTING THE BODY
FROM DAMAGE

The human body exists in a hostile environment. Besides macroscopic
dangers, the body needs to defend its integrity from the invisible
attacks by infectious agents (bacteria, viruses, unicellular and multicel-
lular parasites), poisons, and contaminants in air, water, and food.
Other dangers come from within, those posed by the senescence, dam-
age, or anomalous behavior of the body’s own cells and tissues.

The survival and integrity of our body relies on a very sophisticated
system of recognition of danger and of reaction to it, the immune sys-
tem [1]. The immune system is a complex of cells and soluble factors,
scattered throughout the entire body, which has the function of surveil-
ling the body’s well-being, by detecting and eliminating potentially
dangerous events/agents. The immune cells patrol the body, and in
particular the areas more exposed to the external environment (skin,
mucosal surfaces of lung, gut, and reproductive organs). Molecules or
agents that pass the mechanical barriers (mucus, keratinized epithe-
lium, mucosa) are sampled by immune cells, which decide whether the
foreign element may represent a danger or not, and act consequently.
If the nonself element is considered to be a threat, the immune system
mounts a defensive reaction to destroy the agents that are considered
as potentially dangerous.

Which are the optimal characteristics of an effective immune
response? Two are particularly important:

1. Rapidity: The immune reaction must be fast, leaving no time to the
dangerous agent to multiply and gain access to the inner body and
cause serious damage.
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2. Specificity: The immune system must be able to discriminate
between what is dangerous and what is not, so as to target the dan-
gerous agent only and spare the surrounding cells and tissues.

How can the immune system reach the opposing goals of being both
rapid and specific? In fact, being quick means having no time for
developing sophisticated specific weapons, it is like firing cannonballs,
which may well destroy the target but also cause substantial collateral
damage. On the other hand, being specific means that some time is
required for designing and building the right tools, but the risk is that
during this time the dangerous agent may further invade the organism
and endanger its survival.

This is why, in higher vertebrates including man, two immune sys-
tems are active in parallel. The innate immune system is the more prim-
itive, rapid, and nonspecific system, with prebuilt weapons always
ready to be fired. The adaptive immune system on the other hand is
the sophisticated and highly specific system that, each time a danger-
ous agent comes in, builds new weapons specifically targeting that
agent. The adaptive immune system has an additional characteristic, it
can learn. This means that after having encountered a foreign agent
and having designed and built the specific weapons, the cells of the sys-
tem keep memory of what they have done and, if the same agent is
encountered again (for instance an infective virus), the system can
rebuild the specific weapons much faster and get rid of the infection
much quicker.

The innate immune system is the defensive system that is already pres-
ent in plants and lower animals (insects, worms, sponges, etc.). Adaptive
immunity developed as consequence of a single molecular event in bony
fish and, due to its evolutionary advantage for larger and long-lived spe-
cies, it has been maintained and expanded into highly sophisticated sys-
tem in higher vertebrates. Thus, man possesses both immune systems
acting in concert. Table 1.1 summarizes the main characteristics of innate
and adaptive immunity.

1.2 INNATE IMMUNITY

The innate immune system (see Chapter 2 for full details) is the more
primitive defense system and is based primarily on phagocytosis [1].
Foreign agents and particles, as well as damaged cells of the own
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organism, are ingested and degraded by specialized cells (phagocytes).
In man there are two types of phagocytes, the polymorphonuclear leu-
kocytes (PMN or neutrophils) and the mononuclear phagocytes
(monocytes/macrophages) (Table 1.2). Macrophages are scattered in
all organs and tissues in the body and are the resident sentinels. When

Table 1.1 Innate Immunity Versus Adaptive Immunity

CHARACTERISTICS/FUNCTIONS INNATE ADAPTIVE
IMMUNITY IMMUNITY
Specificity inherited in the genome YES NO
Receptors identical in different persons YES NO
Receptors present in all cells of the same type (e.g., YES NO
macrophages)
Immediate response YES NO
Recognition of broad classes of molecules/agents YES NO
Specificity encoded in multiple gene segments NO YES
Requires gene rearrangement NO YES
Clonal distribution NO YES
Memory about past infection events NO YES
Discrimination between closely related molecular structures NO YES

Table 1.2 Major Immune Cells

NAME LOCATION AND FUNCTION IMAGE
Neutrophil In blood, extravasate in large number within
granulocytes minutes and enter the inflamed tissues for

PMN destroying invading agents, phagocytic

activity, produce reactive oxygen species
(ROS), release granules containing proteases
and antimicrobial peptides, “neutrophil
extracellular traps.” Short lived (about 5
days in blood, about 1-2 days in

inflamed sites).

Mononuclear Macrophages are resident in all body
phagocytes tissues, blood monocytes extravasate to the
Monocytes inflamed tissue after the PNM influx.
Macrophages Powerful phagocytes, release ROS, nitric
oxide (NO), proteases, and inflammatory

cytokines, scavengers, can present the Three white blood cells in normal human
antigen and initiate adaptive immunity. blood: a neutrophil (lower left), a lymphocyte
Long lived (several months). (middle) and a monocyte (upper right),

Lymphocytes Circulating in the blood, located in lymphoid armong red blood cells.

organs (lymph nodes, spleen, thymus). T and
B lymphocytes have different functions upon
activation. T cells become Th, Tc, Treg,
memory T, etc. B cells mature into plasma
cells that are able to produce antibodies.
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a stressful event occurs, resident macrophages detect the signals (for-
eign objects, extracellular matrix fragments from the damaged tissue,
molecules that signal a danger released from necrotic cells, misfolded
or fragmented proteins, etc.), and if these are serious they intervene
directly and also call for help. The reaction of resident macrophages
includes the release of alarm signals (including small proteins called
chemokines) that attract other immune cells from blood to the site.
The first cells that arrive are the PMN, good phagocytes, excellent in
trapping and killing bacteria. PMN are short lived and precede the sec-
ond wave of phagocytes, which are the blood monocytes. Monocytes
are the mononuclear phagocytes of blood, similar to macrophages,
they reach the site where they are activated by the same signals that
have activated the resident macrophages and develop a potent killing
capacity and strong phagocytic activity that contribute to the effective
elimination of the foreign objects. These cells also produce cytokines,
the “hormones” of the immune system, which signal to other immune
cells the presence of a dangerous situation in a cascade of events that
amplify the reaction until the danger is successfully eliminated. Besides
phagocytes, other cells of the innate immune system are the NK cells
(NK stands for natural killer), particularly important in antitumor sur-
veillance and potent producers of IFN-, an inflammatory cytokine of
major importance in the amplification of innate immunity.

Phagocytes use a series of receptors/sensing molecules on their
plasma membrane and in their intracellular space for sampling the sur-
rounding tissue microenvironment and for discriminating between
harmless and harmful signals. The best known are the Toll-like recep-
tors, which take their name from an antifungal receptor in insects (the
protein Toll in Drosophila melanogaster), the first identified member of
the family.

Besides effector cells, innate immunity encompasses a series of soluble
factors able to bind the foreign agents and facilitate their phagocytosis
and destruction. These include the collectin family proteins (such as sur-
factant proteins A and B), lipid transport proteins (e.g., apolipoproteins,
SAA), acute-phase proteins such as short pentraxins (CRP, SAP)
and long pentraxins (PTX3), and complement components, in particular
Clq [1].

An important characteristic of innate immunity, which distinguishes it
from adaptive immunity, is the broad recognition capacity. In fact, both
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the innate receptors and the innate soluble factors recognize and bind
molecular patterns, that is, molecular signatures that are present in a
range of different molecules. For this reason innate receptors/factors are
called “pattern-recognition receptors,” in contrast to receptors/antibodies
that specifically recognize a single antigenic epitope.

1.3 ADAPTIVE IMMUNITY

As mentioned above, adaptive immunity is a highly sophisticated and
highly specific system of recognition and response to an individual anti-
gen (see Chapter 3) [1]. In immunology, antigen is the term that defines
an entity that is specifically recognized by an antibody or a T cell recep-
tor. Adaptive immunity coexists with innate immunity and in fact its acti-
vation depends on the preceding innate immune activity. Adaptive
immunity comes into play only when innate immunity is not sufficient for
solving the problem. In the case of an infection, for instance, if the infec-
tious agent succeeds in overcoming the body barriers despite the defensive
activity of innate immunity, the same innate immune cells initiate the
activation of the sophisticated adaptive defense. Phagocytes that take up
and degrade the invading agents are also able to “present” antigen frag-
ments to lymphocytes, the beginning of adaptive immunity. A specialized
cell population, the dendritic cells (DCs), reside in the tissues side by side
with macrophages and likewise take up and digest the foreign agents. At
variance with macrophages, however, once loaded DC leave the tissue
and go to lymph nodes, the lymphatic stations where naive lymphocytes
reside. In the lymph node, DCs display on their surface the fragments of
the invader they have digested and present them to naive T lymphocytes.
T Iymphocytes have on their surface a receptor for antigens, the T cell
receptor, plus a wide array of coreceptors. When the individual T lym-
phocyte with the right T cell receptor (i.e., one that is able to bind the
antigen displayed by DC) meets the antigen-presenting DC and binds the
displayed antigen, the other coreceptors stabilize the binding between DC
and T cell and trigger T cell activation and proliferation, thereby hugely
amplifying the number of available antigen-specific T cells. The T cell
receptors, as well as B cell receptors and antibodies, can each recognize a
single antigenic epitope and are able to discriminate even between very
similar structures. This diversity and specificity of recognition is gener-
ated by gene rearrangement, and each lymphocyte has its own T or B cell
receptor with its individual specificity, at variance with innate receptors
that are germ-line encoded, have broad capacity of recognition, and are
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the same on all cells expressing them. Depending on the type of antigen,
the activated T cells can display specific cytotoxic activity (e.g., when kill-
ing of virus-infected cells is required) or specific “helper” activity (e.g.,
when B lymphocytes need to be helped to produce antigen-specific anti-
bodies). The production of antibodies, soluble molecules that specifically
bind antigens and facilitate their elimination (by promoting phagocytosis,
inducing complement-mediated lysis, or allowing cell-mediated killing), is
performed by B lymphocytes, which upon activation become antibody-
producing plasma cells, and in most cases need T cell help. T cell help is
particularly important in the so-called “secondary” response, that is, the
immune activation after a second challenge with the same antigen. In
fact, during the first encounter with the antigen, T lymphocytes not only
develop into specific effector Tc and Th cells, but also in small numbers
into memory T cells, which remain quiescent until the antigen comes
again. Thus, in a secondary antibody response, memory T cells remember
the first encounter with the antigen and get readily activated, so that they
can quickly provide help to B cells. Typically, a secondary response is
much quicker than a primary response and encompasses antibodies that
have undergone class switching (going from less mature IgM antibodies
to IgG or IgA or IgE) and affinity maturation (higher affinity and there-
fore stronger binding to the antigen). There are antigens that do not trig-
ger a T cell-dependent response, in particular polysaccharides or lipids, or
antigens with repeated molecular/structural motifs. In contrast, proteins
are excellent immunogens (immunogen being an antigen that can elicit a
specific immune response). Thus, T cell-dependent antigens elicit an
exclusively IgM response and do not induce memory, and upon second
challenge develop a response similar to the first one, a type of response
more similar to innate immunity rather than to an adaptive response. In
contrast, T cell-dependent antigens can induce memory and, upon chal-
lenge, a much better response in terms of recognition and elimination of
the antigen. This is the principle of vaccination: to induce memory
against an infectious agent using protein components of the microorgan-
ism, so that, in the case of infection, the immune system is ready to mount
a highly effective and protective secondary response.

1.4 NANOPARTICLES AND THE IMMUNE SYSTEM

Particles of different size and composition (from volcanic ashes to house-
hold fire smoke, from marine aerosols to viruses and bacteria) are part of
our environment since the very beginning of life on this planet. Therefore,
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the development of our immune system has been shaped by the interac-
tion with particulate and nanoparticulate challenges. The response to
nanoparticles (NPs) by the immune system of lower environmental spe-
cies, mainly based on innate type of reactions, is an important aspect of
nano-ecotoxicology (see Chapter 7). The new challenge represented by
engineered NPs does not differ substantially from what the immune sys-
tem is used to face, although novel toxicity may result from unprece-
dented combinations of shape, size, charge, and chemical composition, to
which the immune system has not yet adapted. In the case of nanomedi-
cines, particles are engineered in such a way as to break barriers and to
avoid immune recognition, in order to persist in the body and to deliver
their drug cargo to the right site. This may be dangerous, since particles
that remain in the body and are not controlled, in particular when loaded
with cytotoxic drugs, may cause damage. However, escaping immune
surveillance is particularly difficult, even for nanomedicines (see
Chapter 6). This is indeed a long-known notion, that is, deceiving the
immune system is not easy. Actually, infective viruses and bacteria have
evolved through the ages by devising a number of tricks for cheating
immunity, while the immune system counteracts by building additional
weapons. For instance, some viruses have a gene encoding an interferon-
binding protein, which can bind and therefore eliminate this major antivi-
ral molecule produced by our cells. In some bacteria, the majority of the
genome is dedicated to inhibitors of the complement system (see
Chapter 2). Still, the cases in which the invader succeeds in overcoming
the immune defenses are rare and, in most instances, due to weaker or
anomalous functioning of the immune system, as in the case of babies
(who have an immature immune system), elderly people (in which the
immune system is senescent), immunosuppressive conditions (diseases,
HIV infection, treatment with drugs), allergy, and autoimmunity (see
Chapters 4 and 5). In these conditions of immune frailty, otherwise harm-
less external agents may become a problem. Thus, when assessing the
safety of engineered NPs, particular attention should be devoted to the
population groups at risk, that is, those immunologically frail (see
Chapter 5).

REFERENCE
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2011.
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2.1 THE INNATE IMMUNE SYSTEM

The innate immune system is the evolutionarily ancient defensive sys-
tem that humans share with all living organisms, from plants to insects
and worms, with little variation [1]. Innate immunity is based on detec-
tion of anomalous and foreign agents and molecules coming in contact
with the body (“sampling” the environment), decision about the possi-
ble danger, and consequent reaction. Innate immunity has two roles:
that of maintaining the integrity of function of the body, by detecting
and eliminating senescent or damaged cells, proteins, and other mole-
cules; and that of immediate defense against foreign invading agents.
Thus, innate immunity probes its microenvironment and interacts with
all the elements present. If the interacting element is considered harm-
less, the innate immune system does not react. If, on the other hand, it
is felt as potentially dangerous, a defensive reaction ensues.

Innate immunity and inflammation are in many instances used as
synonyms, to describe the rapid nonspecific defensive reaction to inva-
ders. Inflammation is a complex series of events, starting with the
innate immune system detecting and reacting to stressful agents or
events, and developing with recruitment of other cells and, in many
instances, of adaptive immunity, in order to eliminate the danger.
There are two major types of inflammation. Type 1 inflammation is a
reaction aiming at killing bacteria and other microorganisms, or at
killing the body’s own cells if they have been virally infected or become
tumor cells. In this response, the inflammatory cytokines IL-12, IL-18,
and IFN-y are abundantly produced and activate Ty1-mediated adap-
tive immunity. Conversely, type 2 inflammation is the reaction trig-
gered by multicellular parasites (such as worms), in which IL-4 is the
major cytokine and Ty2-dependent adaptive immunity is activated.
Both types of response are activated for destroying dangerous agents,
and both resolve with shutting off the immune response when it is no
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longer needed, and with the repair of the damages to the tissue caused
by the reaction itself. Throughout this book they will be referred to as
type 1 and type 2 adaptive immune response, to prevent confusion
with the innate immunity that is also sometimes described by the term
“inflammation.”

It should be underlined that, as innate immunity is the first, fast-
acting defensive system of the body, its goal is that of keeping off
potential dangers by any possible means. If they cannot be eradicated,
they have at least to be locally contained (resulting in local inflamma-
tion), while the body is busy building a specific strategy (adaptive
immunity). The consequence is that rapidity equals lack of specificity,
as there is no time for an accurate choice of targets. Thus, privileging
rapidity causes a certain number of mistakes, in particular when for-
eign molecules are similar to those displayed by our own cells, with the
risk of autoreactivity that is at the basis of autoimmune syndromes.

As mentioned in Chapter 1, the innate immune system encompasses
a series of effector cells and an array of soluble factors. The major char-
acteristic of innate immunity is that the genes coding for its sensing
receptors and structures and for its factors are germ line encoded, which
means that they are always the same, without rearrangements or
changes ever occurring. There is no bona fide immunological memory
in innate immunity, and its activity is fully efficient at the first encoun-
ter with an invader and it will still be the same after repeated encounters
(see Table 1.1 in Chapter 1 for the differences between innate and adap-
tive immunity).

2.2 THE INNATE IMMUNE CELLS

Innate immune effector cells are leukocytes residing in the blood and,
upon extravasation, scattered throughout the entire body [1]. Leukocytes
that enter a tissue do it either as a physiological homeostatic mechanism,
that is, for replenishing the pool of resident sentinel cells, or during the
course of an inflammatory reaction in the tissues, for helping the resident
sentinels to combat the danger. Innate leukocytes include monocytes
(about 5% of white blood cells (WBC) and their mature tissue-residing
counterpart, macrophages) and polymorphonuclear leukocytes that
encompass neutrophils (PMN; about 60% of WBC). Less frequent are
eosinophils (about 2% of WBC, important for responses to parasites),
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and basophils (0.4% of WBC, also involved in antiparasite activity), as
well as dendritic cells (DCs) and innate lymphoid cells (ILCs; [2]) of
which the best characterized are natural killer (NK) cells (Table 2.1).

Resident innate immune cells are mainly tissue macrophages, highly
differentiated phagocytic cells derived from blood monocytes that have
the primary role of scavengers that are patrolling the tissue and eating
and eliminating all debris (including the body’s own dying and anoma-
lous cells) and invading external agents. Tissue macrophages are differ-
ent in each tissue, as they adapt to the different microenvironment and
required functions: alveolar macrophages in the lung; osteoclasts in the
bone; Kupffer cells in the liver; microglial cells in the brain;
Langerhans cells in the skin; and histiocytes, interdigitating cells, and
veiled cells in connective and other tissues [1,3].

Other cells that are similar to macrophages are the DCs, less effi-
cient in phagocytosis and more efficient in antigen presentation as
compared to macrophages. DCs, for their ability to present antigens to
T cells, may be considered the first responding cells of adaptive immu-
nity, and therefore will be addressed in Chapter 3.

Another important leukocyte is the neutrophil or PMN, the most
abundant type in WBC [1,4]. PMNs are the very first cells that inter-
vene in a tissue after an insult, and their destructive activity is fast and
powerful, with degranulation and release of proteases, oxidizing
enzymes, ROS, and a series of other toxic compounds (for killing
microorganisms), with phagocytosis, and by releasing the neutrophil
extracellular traps (NETs), which are true nets of DNA filaments deco-
rated with granules filled with enzymes and toxic peptides [5].

NK cells are a type of innate lymphocytes, present both in the blood
and scattered in tissues. NK cells have a receptor system that allows
them to distinguish between normal cells and anomalous cells, and a
lytic machinery that they use for killing such cells. NK cells are half
way between innate and adaptive cells, as they seem to be capable of
some form of memory, like T cells and unlike innate leukocytes [1,6].

2.3 SENSING OF NANOPARTICLES BY INNATE IMMUNE CELLS

Innate effector cells can probe the surrounding microenvironment with
an array of sensing molecules. These innate receptors recognize



Table 2.1 Innate Immune Effector Cells

NAME PERCENT | DIAMETER | LIFESPAN | CHARACTERISTICS FUNCTION MICROSCOPIC
IN WBC (um) IMAGE
Monocyte 5% 15-20 Few days Kidney-shaped nucleus Exits the blood stream for replenishing the macrophage o e
tissue pools and in the case of inflammatory events 9
(different subpopulations) ‘
Macrophage | Exclusively 20—-60 Months to Large cytoplasm, Phagocytic scavenger in tissues, derived from monocytes,
in tissues years dendrites, can form can present antigen, sentinel against pathogens, produce
multinucleated giant cells toxic ROS and NO
Dendritic 0.4%, in 15-20 Months to Long dendrites Derived from monocytes or from B cells, in tissues can
cell most tissues years in pick up antigen and migrate to lymph nodes, where they
tissues present antigen to T cells
Neutrophil 60% 12—-15 Hours Multilobed nucleus, Defense against pathogens and foreign agents through
neutrophilic cytoplasm phagocytosis, degranulation, ROS, and NETs
with HE staining
Eosinophil 2% 12—-15 10 days Bilobed nucleus, pink Effector cell in parasite infections, also involved in
(hours in granules with HE staining allergies
circulation)




Basophil 0.4% 12—-15 Hours to Bi- or trilobed nucleus, Inflammatory cell, releases histamine upon IgE binding
days dark blue granules with
HE staining
Mast cell Exclusively 15-20 Months to Round nucleus, dark blue Functions similar to basophils, but origin is different
in tissues years granules with HE staining
NK 3%, in 10—-15 Few days Large granular Antitumor surveillance, strong cytolytic activity
tissues lymphocytes
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molecular patterns rather than specific molecular sequences/structures,
and are therefore called “pattern-recognition receptors” (PRRs). The
patterns recognized by PRRs are molecular signatures shared by differ-
ent molecules or agents, having in common the fact that they are dis-
played by pathogenic microorganisms or are in any case different from
the body’s own molecular patterns. These molecular signatures are gen-
erally called “pathogen-associated molecular patterns” (PAMPs). Just to
give an example, the innate receptor TLR4 recognizes an array of
PAMPs from bacteria (Gram-negative lipopolysaccharide—also known
as LPS or endotoxin, heat shock proteins (HSPs)), viruses (Rous
Sarcoma Virus (RSV) protein F, Vesicular Stomatitis Virus (VSV) glyco-
protein G), fungi (molecules from Candida albicans, Aspergillus fumigatus
conidia and hyphae, C. neoformans capsular polysaccharides, mannan),
and multicellular parasites (7rypanosoma glycoinositolphospholipids).

Toll-like receptors (TLRs) are a group of PRRs that take their
name from the antifungal Drosophila receptor Toll. In man, there are
10 TLRs (TLR1-10) that can form hetero- or homodimers/multimers
and have recognition capacity for large arrays of PAMPs [1,7]. Some
TLRs are expressed on the plasma membrane of cells, being effective
in detecting extracellular PAMPs. On the other hand, TLRs involved
in detection of viral components are present intracellularly, displayed
on the membrane of intracellular vesicles (Table 2.2). TLRs are
expressed by many cell types, but they represent the major pathogen-
sensing tool and activation receptor of mononuclear phagocytes, which
in fact display a full array of coreceptors and transporters that allow
correct TLR activation.

The possibility that nanoparticles (NPs) may directly interact with
TLRs, thereby activating the innate/inflammatory defensive system,
has been investigated by several groups, who found that different NPs
are inflammatory through interaction with and activation of TLRs
(see, e.g., Ref. [8]). All these results are however to be considered in
light of the possible contamination of the NPs used in experimental
systems with one or more of the bona fide TLR ligands, which are
ubiquitous in our normal environment. As in the case of the alleged
endogenous TLR ligands (see Section 2.5), no formal proof has been
yet obtained that TLR binding and activation by NPs occurs directly
and is not mediated by the presence of trace amounts (often hard to
detect) of LPS, lipopeptides, or other microbial-derived molecules. On
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Table 2.2 TLRs in Human Leukocytes

RECEPTOR | LOCATION | CELLS LIGANDS LIGAND ORIGIN
TLR1 Plasma Monocytes, macrophages, Triacyl lipopeptides Bacteria
membrane immature myeloid DC,
neutrophils, eosinophils,
mast cells, NK, B cells
TLR2 Plasma Monocytes, macrophages, Glycolipids, Bacteria, parasites
membrane myeloid DC, neutrophils, lipopeptides,
eosinophils, basophils, mast lipoproteins
1ls, NK, B cells (low), : . - .
cetls cells (low) Lipoteichoic acid Gram-positive bacteria
T cells
Zymosan Fungi
HSP70 (?) Host
HSV, VSV, CMV Viruses
Others
TLR3 Intracellular Mature myeloid DC, mast dsRNA, Polyl:C Viruses
cells, NK, B cells
TLR4 Plasma Monocytes, macrophages, Lipopolysaccharide, Gram-negative bacteria
membrane myeloid DC, neutrophils, lipid A
and eosinophils, basophils, mast B
o
intracellular cells, NK, B cells (low) HSP Bacteria, host (7)
Structural proteins Viruses
Mannan Fungi
Fragments of Host
fibrinogen,
hyaluronate,
heparan sulfate (?)
GPIL Trypanosome
TLRS Plasma Monocytes, macrophages, Flagellin Bacteria
membrane myeloid DC, neutrophils,
eosinophils, NK cells
TLR6 Plasma Monocytes, macrophages, Diacyl lipopeptides Bacteria
membrane myeloid DC, neutrophils,
eosinophils, mast cells, NK,
B cells
TLR7 Intracellular Monocytes, macrophages, ssRNA RNA viruses
plasmacytoid DC, (imidazoquinoline
neutrophils, eosinophils, and analogues)
mast cells (lung), B cells
(low)
TLRS Intracellular Monocytes, macrophages, ssSRNA RNA viruses
myeloid DC, neutrophils, (imidazoquinoline
mast cells, NK and analogues)
TLRY Intracellular Monocytes, macrophages, Unmethylated CpG Bacteria, DNA viruses
plasmacytoid DC, DNA
neutrophils, eosinophils,
mast cells (skin), NK, B
cells

(Continued)
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Table 2.2 (Continued)

RECEPTOR | LOCATION | CELLS LIGANDS LIGAND ORIGIN
TLR10 Plasma Monocytes, macrophages, Unknown Unknown
membrane DC, neutrophils,

eosinophils, mast cells
(lung), NK, B cells

“Heteroassociation of TLR2 with TLRI, TLR6, and TLRI0 has been shown. In the mouse, TLR11—13 have been
described, while TLRI0 is missing.

the other hand, NP modification with TLR ligands is one of the most
promising directions in the design of immunostimulating vaccine adju-
vants (see Chapter 6).

Other innate PRRs are the C-type lectin receptors (CLRs, including
Dectin-1 and DC-SIGN), and scavenger receptors (SR-A and SR-B),
expressed on the phagocyte plasma membrane, and different classes of
intracytoplasmic receptor families such as the NOD-like receptors
(NLRs) and the RIG-I-like receptors (Table 2.2). The NP surface coat-
ing (for instance with carbohydrates such as dextran) facilitates recog-
nition by certain classes of innate receptors and uptake by
macrophages [9]. This would suggest that interaction with innate cells
may occur through different receptors and with different modalities
not only as a consequence of engineered surface modification but also
following unintentional surface decoration (e.g., with molecules
adsorbed from the microenvironment and from surrounding bacteria).
NPs that gain access to the cytoplasm may interact with NLRs, a fam-
ily of proteins that can sense intracytoplasmic danger signals and initi-
ate the assembly of a protein complex called “inflammasome,” leading
to the activation of the enzyme caspase-1 and the consequent matura-
tion and release of the inflammatory cytokines IL-13 and IL-18 [10].
The classical macrophage inflammasome based on the NLR protein
NLRP3 can sense a wide array of signals (K™ efflux induced by a vari-
ety of agents including ATP and TLR stimulation, bacteria such as
Staphylococcus aureus and Listeria monocytogenes, bacterial RNA,
and uric acid crystals). It has been reported, although the evidence is
debated, that the most used vaccine adjuvant alum (particles of alumi-
num hydroxide on which the immunogen is adsorbed) can amplify the
immune response because it induces inflammasome activation and pro-
duction of the inflammatory and immunostimulatory cytokine IL-13
[11]. The hypothesis that NPs can activate the inflammasome has led
to a huge effort in nanomedicine in functionalizing the NP surface to
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gain access to NLRP3 within macrophages and DCs, in order to
achieve not only the delivery of the immunogen to the antigen-
presenting cells but also the stimulation of innate immunity that is
required to obtain effective immunization [12]. The other side of the
story is that, as in the case of uric acid crystals in gout, the persistence
of inflammasome activation and IL-13 production is the basis of
chronic inflammatory diseases (see Section 2.6).

2.4 INTERACTION OF NANOPARTICLES WITH INNATE
IMMUNE CELLS

Interaction of NPs with monocytes and macrophages has been widely
studied in a range of cellular models in vitro and also in vivo in experi-
mental animals. In vivo, the overall observation (obtained in pharma-
cokinetics experiments for nanomedicine) is that, in particular for
metal NPs, particles that are not readily excreted are significantly
taken up by the mononuclear phagocyte system in particular in spleen,
liver, and lung [13]. Interaction with mononuclear phagocytes depends
heavily on the route of entry into the body and on the consequent
“coating” of the reactive NP surface with microenvironmental proteins,
for instance surfactant proteins for inhaled particles coming in contact
with alveolar macrophages, or serum albumin for NPs administered
intravenously and coming in contact with circulating monocytes [14].
This means that our innate cells do in fact come in contact not directly
with the NPs, but rather with the molecules that are decorating their
surface, the same that happens when encountering bacteria or foreign
bodies. Indeed, the adsorption of “self” molecules (“self” meaning
intrinsic to the body, as opposed to “nonself”’) on the surface is one of
the ways for the immune system to combat invasion. Recognition and
destruction is facilitated if the foreign agent is “opsonized”, that is,
covered with antibodies or complement components (see Section 2.5
for definition of complement), while innate immunity is set on alarm if
the foreign surface modifies the structure of self molecules like hya-
luronic acid or fibrinogen [1,15]. On the other hand, getting covered
with the body’s molecules is one of the successful strategies that patho-
gens use for escaping innate recognition (see for instance the capacity
of Neisseria meningitidis of covering its surface with the host’s factor
H, which is a potent inhibitor of the lytic activity of complement) [16].
Therefore, the ability of NPs to adsorb different types of molecules in
a particular tissue microenvironment may make a huge difference in
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the capacity of innate immunity to recognize them as foreign entities
and to mount an inflammatory response. Thus, the great body of
experimental studies accumulated in the past years may need to be
reassessed in light of the validity of the systems used in representing
the real-life situation, even for the data obtained with human normal
cells. Naked NPs were often directly added to the culture medium usu-
ally containing fetal calf serum (circumstances that hardly reproduce
what may happen to human beings in real life), or used on macrophage-
like tumor cell lines (transformed cells that may not reproduce the
behavior of normal cells), or tested in animals or on animal cells (which
may not always reflect the human reactivity) [17]. It has to be shown
that the various models systems mirror the human reactions in vivo,
before we can accept them as representing the impact of NPs on human
cells. The great variability of results in the literature may in part depend
on the artificial and poorly representative systems often used [18].

In general, given their role as scavengers, macrophages tend to take
up foreign particles, including NPs covered with altered self proteins,
and they do it by using different mechanisms depending on the particle
size and surface coating [19]. Aggregation of particles, which occurs in
several instances in contact with biological fluids, increases the particle
size and facilitates phagocytosis. “Opsonization” with complement
components or immunoglobulins also facilitates particle uptake by
receptor-mediated endocytosis. When particles are too big or fiber-like
(in the case of NPs, this occurs only in the case of rigid nanotubes),
macrophages fail to engulf them and may die while trying, an event
that in the 1980s was designated with the name of “frustrated phagocy-
tosis.” On the other hand, macrophages can fuse and form multinucle-
ated giant cells or syncitia that surround and seclude the foreign body.
The inability to get rid of the foreign agent leads to a local persistent
inflammation that in many cases causes a fibrotic reaction (in which
macrophages play a major role) that firmly encapsulates the undigest-
ible foreign agent, to avoid its coming in contact with the body’s inner
tissues [1]. In a few cases, a severe pathology may ensue (as in the case
of inhaled asbestos fibers, which can cause mesothelioma, a pleural
tumor) [20,21].

PMNs can interact with NPs similarly to what they do with bacte-
ria, thus they can take them up, trap them with NETs, and attack
them extracellularly with enzymes and oxidizing compounds. In the
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case of carbon-based NPs (e.g., single- and multiwalled carbon nano-
tubes, graphene), it has been observed that myeloperoxidase, an oxida-
tive enzyme abundantly produced by neutrophils and also by
eosinophils and macrophages, can effectively degrade the nanotubes
that, once degraded, lose their ability to cause lung inflammation when
inhaled by mice [22,23]. PMNs can also use NETs for entrapping and
concentrating NPs into some sort of granulomas that bar them from
coming in contact with the body’s tissues [24].

Regarding NK cells, while there is abundant literature on the
capacity of NPs delivered in vivo to enhance NK recruitment and
activity (which is part of an ongoing innate reaction to a stressful
event), no solid evidence exists of a direct interaction. Also in this case,
surface modification of NPs is being attempted for building nanomedi-
cines able to enhance NK activity in tumors or for carrying drugs to
the tumor site through recruited NK cells.

2.5 INTERACTION WITH INNATE IMMUNE FACTORS

Soluble factors of innate immunity encompass several classes of mole-
cules that are active in binding PAMPs and facilitate their destruction
(Table 2.3).

A very efficient soluble system of pathogen recognition and destruc-
tion is complement [1]. The complement system is composed by a series
of proteins and enzymes that activate each other in a cascade, generat-
ing a series of bioactive intermediates, and ending up with the forma-
tion of a “hole” in the membrane of bacteria (Table 2.4). The
complement cascade is initiated through three different pathways. The
classical pathway is activated by the C1 complex, starting with Clq
binding to an antibody complexed to an antigen, or directly binding to
the surface of a pathogen. The alternative pathway is always active at
low levels and attacks the surface of every cell, avoiding to kill the
organism’s own cells only because they possess protective factors while
bacteria do not. The lectin pathway is very similar to the classical
pathway but it is initiated by pathogen recognition by the mannose-
binding lectin (MBL), a molecule structurally very similar to Clq,
which recognizes the specific spacing of mannose residues on bacterial
surfaces. Complement activation is of great efficacy in eliminating
infectious microorganisms, not only by direct killing but also by



Table 2.3 The Major Soluble Innate Immunity Factors in Man

pentamer, acute phase protein
(produced by liver)

Serum amyloid P
component (SAP)

surface or on microbial surfaces

dying cells, avoids recognition
by DC

FACTOR CHARACTERISTICS TARGET FUNCTION
PHYSIOLOGICAL | DEFENSIVE
Pentraxins
CRP Small pentraxin, annular Phosphocholine on dying cell Detection and elimination of Opsonization, facilitates complement

binding

Negatively charged
carbohydrates

Unknown

Opsonization, facilitates complement
binding

PTX3 (TSG-14)

Long pentraxin, produced by
leukocytes and other cells

Clq, apoptotic cells,
microorganisms, TNFAIP6

Detection and elimination of
dying cells, avoids recognition
by DC

Microbial opsonization, activates
classical complement pathway

- and coll

Ficolins (Fibrinog

lectins)

i)

M-ficolin (Ficolin-1)

Produced by leukocytes

N-acteylglucosamine, sialic acid

Binds to PTX3 and together
promote elimination of dying
cells

Binds to all bacteria with surface sialic
acid (e.g. Streptococcus), activating
complement

with MASP

viruses

L-ficolin (Ficolin-2) Produced in liver, pattern- Acetylated sugars, certain 1,3- Unknown Activates the lectin pathway of
recognition molecule B-glucans complement, cooperates with PTX3 and
collectins in microbial elimination
H-ficolin (Ficolin-3) Abundant in serum is associated Acetylated sugars, bacteria, Unknown Binds several viruses and promotes

activation of complement

Collectins (collagen-containing C-type lectins)

(surfactant proteins
A and D)

bacteria, SP-A can directly bind
LPS

pulmonary surfactant

MBL Polymeric, at least a tetramer is Carbohydrate patterns on a Binds apoptotic and senescent Binds to bacteria, viruses, protozoa,
needed for complement variety of microorganisms cells, promoting their fungi, and starts the lectin pathway of
activation elimination complement activation

SP-A and SP-D In lung alveoli Carbohydrates on fungi and Regulates secretion of Opsonization of microorganisms,

promoting their interaction with lung
effector leukocytes




Lipid transport proteins

Apolipoproteins Synthesized in intestine and liver, Lipids, to form lipoproteins; Transport of lipids and Neutralization of LPS and bacterial
many different types bacterial LPS regulation of lipid metabolism clearance
sCD14 Soluble form of the CD14 Endogenous Lipid transfer Coreceptor for LPS, shuttle of PAMPs

coreceptor for LPS, expressed by
monocytes and macrophages

phosphatidylinositol,
phosphatidylethanolamine;
bacterial LPS,
phosphatidylglycerol,
lipoteichoic acid

to TLRs, in cooperation with BPI and
LBP

BPI (bactericidal

Produced by neutrophils and

Phosphatidylcholine, LPS

Lipid transfer

Binds and neutralizes LPS, cooperates

permeability other cells, endogenous antibiotic with LBP in activating innate immunity
increasing protein)

LBP Produced by macrophages and Phosphatidylinositol, Lipid transfer Shuttle of PAMPs to TLRs, in
(lipopolysaccharide- other cells phosphatidylcholine and cooperation with BPI, CD14

binding protein)

phosphatidylethanolamine; lipid
A of LPS

CETP (colesteryl
ester transfer
protein)

Plasma protein

Colesteryl ester, triglycerides

Lipid transfer between
lipoproteins

Unknown

PLTP (phospholipid
transfer protein)

Plasma protein

Phospholipids, LPS

Phospholipid transfer between
lipoproteins

Neutralization of LPS and bacterial
clearance

PLUNC (palate,
lung and nasal
epithelium
carcinoma associated
protein)

Secreted in neutrophil granules,
expressed in upper airways, up-
regulated in inflammation

Highly hydrophobic

Lung surfactant

Inhibits bacterial biofilms

Alarmins

HSPs

Includes many molecules, found
in many living organisms,
including bacteria

LPS, proteins

Intracellular protein
chaperones, facilitate antigen
uptake and presentation, in
particular for viral antigens

DAMPs, facilitate LPS binding to
TLR4

(Continued)



Table 2.3 (Continued)

FACTOR

CHARACTERISTICS

TARGET

FUNCTION

PHYSIOLOGICAL

DEFENSIVE

High-mobility group
box 1 (HMGBI)

Nuclear factor, released by
macrophages during
inflammation

LPS, RAGE (receptor)

Transcription factors

Shuttle of LPS to sCD14, when released
actively or by dying cells is chemotactic
for leukocytes and has proliferative and
angiogenic capacity

Fragments of matrix
components

Fragments of hyaluronate,
fibronectin, heparan sulfate
released in damaged matrix

May bind LPS and other
bacterial lipid-containing
components

Stimulate tissue reconstruction

DAMPs, induce inflammatory
activation of phagocytes

S100 proteins

Produced by macrophages
and DC

Heparan sulfate, proteoglycans,
carboxylated N-glycans, Ca**-
binding protein

Phosphorylation, homoestatic
regulation of cytoskeleton, and
other intracellular functions

When released extracellularly,
inflammatory activation of leukocytes
and endothelial cells

produced by leukocytes

IL-1a Member of the IL-1 family, cell- IL-1 receptors Intracellular form is a Released form has inflammatory
associated and soluble forms transcription factor activity, similar to IL-13
(released upon cell death)

Galectins 3-Galactoside-binding lectins, 3-Galactoside sugars (N-acetyl- Regulation of apoptosis, T cell Considered as DAMPs; pathogens may
dimers to pentamers, produced lactosamines) proliferation, T cell receptor use them for promoting their own
by several cell types, active functions; Gal3 inhibits survival
within and outside cells macrophage inflammation

Cathelicidins Cationic amphipathic peptides, in | Lipid membranes of bacteria, None Strong antimicrobial activity (broad-
humans LL-37 and hCAP-18, within phagolysosomes spectrum endogenous antibiotics),
found in lysosomes of neutrophils chemotactic, amplifies inflammatory
and macrophages responses

3-Defensins Cysteine-rich cationic proteins, LPS, bacterial lipid membranes None Antimicrobial activity, chemotactic,

activates TLRs (by shuttling LPS?)




Table 2.4 The Complement System

PATHWAYS FUNCTION FACTORS C1Q AND MBL
Binding to Clg MASP-1 MASP-1
[ CLASSICAL PATHWAY ] [ MB-LECTIN PATHWAY ] [ALTERNATIVE PATHWAY] antigen—antibody C1q
complexes
Antigen:antibody Maqnose»binding lectin C1 r C1 s
Path I P
® ath%"g";ﬁ'zﬁffa ces) g'a';gzg’;‘f‘"s":::c‘;: Slhiogepliaees Binding to mannose MBL MASP-2 MASP-2

v

v

v

C1q, C1r, C1s MBL, MASP-1, MASP-2 c3
C4 c4 B
c2 Cc2 D
C I J

C3 convertase
l A 4
Terminal
complement components
C5b
C3a, C5a c3b —p c6
c7
cs
c9

v

v

and fucose on
bacterial surface

Activating enzymes

Clr, Cls, C2b, Bb,
D, MASP-1, MASP-
2

Membrane-binding
proteins and opsonins

C4b, C3b

Mediators of
inflammation

C5a, C3a, C4a

Membrane attack

C5b, C6, C7, C8. C9

Complement
inhibitors/regulators

CI1INH, C4bp, CR1,
MCP, DAF, H, L, P,
CD59

Peptide mediators
of inflammation
phagocyte recruitment

Binds to complement
receptors on phagocytes

A T—

Membrane-attack
complex,
lysis of certain
pathogens and cells

Opsonization
of pathogens

Removal of
immune complexes

Complement receptors

CRI1, CR2, CR3,
CR4, ClqR

MBL binds with high affiity to mannose and

fucose residues with correct spacing

carbohydrate-binding domains

MBL has 2-6 clusters of carbohydrate-binding
domains, with a fixed orientation

MBL cannot bind to mannose and fucose

residues that have different spacing

Reproduced with permission from Janeway's Immunobiology, 6th Edition, Garland Science, Taylor and Francis.
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triggering inflammation, because complement fragments have diverse
activities including opsonization (i.e., they can coat the surface of for-
eign agents, thereby facilitating their recognition and uptake by phago-
cytes through complement receptors), chemotaxis for leukocytes, and
triggering of their inflammatory activation. On the other hand, pro-
longed or systemic complement activation may cause huge damage
and serious pathologies (including hemolysis).

The capacity of NPs to activate complement has been widely stud-
ied, as this is a significant safety issue in nanomedicine. Size, shape,
surface characteristics, and also the hosts genetic polymorphisms may
affect the recognition of NPs by the complement system and the initia-
tion of an adverse reaction, and therefore this represents one of the
major issues in the design of safe nanomedicines [25,26]. It is particu-
larly interesting, in this perspective, that C1q and MBL are able to rec-
ognize not only some types of molecules but, importantly, their
repetitive and spacial order. Thus, repeated and ordered molecular
motifs (as they occur in many nanomaterials) can make the NP readily
recognizable by complement. To avoid complement activation in
nanomedicine, an important lesson can be learned by studying the
complement-escaping strategies used by bacteria, which can dedicate
to complement modulation a large part of their genome [27], as in the
already mentioned case of N. meningitidis that captures the host’s fac-
tor H and covers its own surface with it to avoid activating the alterna-
tive complement pathway [28].

Other soluble innate factors are pentraxins, ficolins, collectins (col-
lagen-containing C-type lectins), and the lipid transport proteins.
Pentraxins are pattern-recognition soluble molecules with a typical
pentaradial structure [29,30]. Pentraxins include acute phase proteins
such as the C-reactive protein (CRP) and PTX3, which are produced
during acute inflammation, and are able to bind microbial structures
favoring their uptake and destruction by promoting binding via the Fc
receptors (receptors for antibodies present on the surface of phago-
cytes). PTX3 is also able to activate the complement classical pathway
by binding to C1q. Ficolins are circulating proteins that recognize sev-
eral molecular patterns including acylated sugars and certain 3-glucans
[1,31]. L-ficolin is one of the molecules that can activate the comple-
ment lectin pathway, similar to MBL [32]. Collectins are a group of
proteins that include the already mentioned MBL (that activates the
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lectin pathway of complement), and surfactant proteins A and D.
Collectins bind to sugars or lipids on the microbial surface and facili-
tate their recognition and elimination. Thus, collectins can promote
microbial aggregation and act as opsonins, thereby facilitating phago-
cytosis and activating complement (see MBL) [31]. Lipid-binding pro-
teins have the role of transporting lipids within the body, and include
apolipoproteins, sCD14, BPI, LBP, CETP, PLTP, and PLUNC. All
these proteins have a physiological role in binding and transporting
endogenous lipids, but all of them can also recognize and bind bacte-
rial LPSs and other bacterial structures and contribute to their neutral-
ization and elimination, being also involved in the modulation of the
innate immune response.

A last group of soluble innate factors can be mentioned, that is, the
alarmins. Alarmins are a diverse group of endogenous molecules that
can set the innate immune system into alarm, and they are also known
as damage-associated molecular patterns (DAMPs). They are self
molecules whose presence in a particular situation is not normal, or
that are produced only in anomalous situations. Thus, alarmins include
HSPs or HMGBI1 outside of the cells, when in normal conditions they
are always inside, or fragments of matrix components such as hyaluro-
nate, fibrinogen, and heparan sulfate (which indicate tissue damage).
In addition, alarmins include a series of factors released by cells (in
particular phagocytes) for starting the inflammatory reaction such as
S100 proteins, IL-1a, galectins (3-galactoside-binding lectins), catheli-
cidins, and (3-defensins [14,33]. In the past, several alarmins had been
reported as being able to bind directly to innate receptors, and activate
the innate/inflammatory reaction in the absence of a microbial chal-
lenge. A thorough critical analysis of the experimental data however
has shed some doubt, as in several cases it was impossible to rule out
the presence of trace amounts of microbial molecules (LPS and others)
[34]. Thus, while direct innate activation may be more limited than ini-
tially thought, the major role of soluble innate factors remains that of
facilitating innate receptor activation upon foreign pattern recognition,
acting as PAMP-sensitizing molecules (transporters, coreceptors, focal-
izing molecules) and amplifiers of the response.

While little is known of the possible interaction between NPs and
any of these innate factors, a recent report has examined the role of
sPLUNCI in the inflammatory response to single-walled carbon
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nanotubes (SWCNTs), showing that binding of sSPLUNCI to SWCNT
could decrease their ability to stimulate inflammatory cytokine produc-
tion by mouse macrophages in vitro [35]. It could be hypothesized that
NPs covered with endogenous molecules (either innate soluble factors
or self molecules that may change their structure upon interaction with
the NPs surface) may actually act as alarmins [36]. In nanomedicine,
conjugation of alarmins (e.g., galectin-1) on NPs is being attempted
for selective targeting to receptor-expressing cells and their functional
modulation [37].

2.6 INNATE IMMUNE REACTION TO NANOPARTICLES:
HEALING VERSUS CHRONIC INFLAMMATION

In light of all the information given above, predicting if and how the
innate immune system will react to NPs is hard. We have seen above a
brief summary of some of the wide array of different tools that the
innate immune system has developed for facing whatever kind of dan-
gers will come about, tools that are redundant (i.e., there are different
factors or cells that can do the same thing, while the same cell or factor
can do different things), in order to make sure that nothing ever goes
undetected. Thus, if NPs are seen as a possible danger, innate immu-
nity will be activated and an inflammatory response will be started.
This is actually good news, because it means that our defenses are effi-
cient and know how to take care of the problems. We will see in
Chapter 5 the possible risks that could derive from failing immunity in
some conditions of immunological frailty.

An innatefinflammatory reaction has its well-defined course limited in
time [1]. The reaction is triggered by the encounter between a dangerous
agent and the innate immune system, and it develops with the activation
of resident cells and the recruitment into the site of other effector cells
(which come in waves, first the PMNs, then the monocytes and subse-
quently, in some cases, also the lymphocytes) that generate a complex
reaction ending up with the elimination of the dangerous agent. The
absence of the initial trigger, which has been destroyed, leads to a sub-
stantial change of the microenvironment that redirects the activity of
the phagocytes toward tissue reconstruction (production of anti-
inflammatory factors, elimination of dead cells and debris, stimulation
of fibroblast proliferation and of angiogenesis, production of matrix
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components, etc.), to reestablish tissue homeostasis and functions.
Wound healing is thus the final phase of a successful immune defense.

It is only in few special circumstances that the reaction does not fol-
low this course, thereby causing pathological consequences. A typical
case of anomalous inflammation, in which the inflammatory phase is
eliminated, is that of solid tumors, which can create a mocking micro-
environment for the incoming inflammatory macrophages that imme-
diately directs them into noninflammatory tissue-promoting activity,
thus avoiding being killed and at the same time exploiting macrophage
functions for promoting tumor growth. An opposite example, in which
the inflammatory phase is abnormally extended, is that of chronic
inflammatory, degenerative, and autoimmune diseases. A typical
example is that of infectious agents that display molecules similar or
identical with the body’s own components, therefore triggering a
response that cannot ever stop because the recognized molecule is part
of the body and will always be present. In these cases, the final phase
of the inhibition of inflammation and tissue reconstruction, which is
actually triggered by inflammatory signals in an autoregulatory loop,
is activated and acts concomitantly to inflammation, in the impossible
attempt to down-regulate it. Thus, in many of these chronic diseases
we can find an anomalous mixture of exaggerated activation of both
inflammatory and anti-inflammatory mechanisms, with concomitant
tissue destruction and tissue neoformation (as in the case of rheuma-
toid arthritis), that all contribute to the pathology.

Thus, regarding the possible effects of NPs on innate immunity and
inflammation, we should ask two questions:

1. Can NPs trigger an inflammatory reaction?
2. If yes, does this inflammatory reaction resolve, or will it persist?

A key issue here, in order to correctly evaluate the capacity of NPs
to trigger inflammation, is the assessment of the cleanliness of the NPs
under study. Contamination with bacterial fragments, even of materi-
als that are sterile (i.e., not containing living microorganisms), is very
common unless special precautions are taken. In particular, the most
potent activator of inflammation, that is, Gram-negative LPS (or endo-
toxin), is a ubiquitous contaminant of biomaterials that can be elimi-
nated only with difficulty [18,38]. Thus, to avoid examining the
inflammatory effects of contaminating endotoxin, it is of utmost
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importance using endotoxin-free NPs in the experimental procedures
in vitro and in vivo (see, for instance, Ref. [39]). Methods for testing
the presence of endotoxin in NP preparations are not standardized [40]
and need accurate validation before being applicable to NPs [41].
Despite these problems, accurately measuring endotoxin in NPs,
thereby being able to using endotoxin-free NPs, is mandatory in order
to discriminate between confounding inflammatory effects caused by
the contaminant and true NP-dependent effects.

Several NPs can be degraded or can dissolve once they are in con-
tact with biological fluids or cell. Thus, in the majority of cases, deal-
ing with NPs is, for the innate immune system, no bigger problem
than having to deal with bacteria or viruses or damaged proteins,
unless the components into which the NPs are dissociating are toxic
(like some metal ions). A problem may be posed by NPs that cannot
be degraded and that therefore risk to remain for prolonged periods
within the body. Also in this case, however, innate immunity has its
strategies. Phagocytes can accumulate around the foreign body and
form a barrier around it (fibrous capsules, granulomas), to separate it
from the surrounding tissue and avoid dangerous interactions. In some
cases, the foreign bodies can be transported through the lymph or even
the circulation systems to the periphery and extruded from the organ-
ism. Thus, cases where NPs may persist in the body at such concentra-
tions as to overcome all the defensive systems and to cause chronic
inflammation are exceptional. One case is that of gout, in which micro-
and nanocrystals of uric acid secreted by cells accumulate in joints,
enter phagocytes, and stimulate the NLRP3 inflammasome, with con-
sequent IL-13 production and ensuing inflammation. Inflammation
persists as long as the crystals continue being formed [42]. Another
case is that of asbestos fibers that can cause mesothelioma in the
pleura, although the mechanisms of tumor development are far from
clear, and the relationship between tumor development with fiber-
induced inflammation is not established [43].

Obviously, poisonous NPs may overcome the immune system sim-
ply because they can kill cells that ingest them. This is one of the dan-
gers of nanomedicines loaded with chemotherapeutic drugs for
antitumor therapy, as a large part of these NPs is actually taken up by
leukocytes, with the risk of selectively eliminating the innate immune
defenses [13,19].
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On the other hand, the fact that NPs can adsorb on their surface

the body’s self-molecules, may change the molecule (by changing its
shape and its folding) in a way that makes it immunogenic, that is, rec-
ognizable by the adaptive immune system, which will then mount a
specific response against it. This possibility will be addressed more in
detail in Chapter 3. Suffice to say, no formal proof exists to date that
this event can really occur. Nevertheless, considering this possibility is
an important part of the studies for implementing NP safety.
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3.1 ADAPTIVE IMMUNITY—DIFFERENCES AND
COOPERATION WITH INNATE IMMUNITY

Innate immunity, described in Chapter 2, is based on receptors that
recognize microbial compounds (the pathogen-associated molecular
patterns, PAMPs) or self-compounds that are released by necrotic cells
and thus indicate acute danger (the danger-associated molecular pat-
terns, DAMPs). The receptor repertoire for PAMPs and DAMPs is
limited, with extremely little variation between individuals [1]. The
receptors are present from birth and can trigger inflammatory
responses without delay. Adaptive immunity, in contrast, needs several
days to develop a full antipathogen response, but uses a repertoire of
receptors that is highly variable and can thus recognize a virtually end-
less variety of stimuli. It is this flexibility that allows the adaptive
immunity to attack nonself-entities that are as different as viruses, bac-
teria, fungi, or parasites. The adaptive immunity rests on three classes
of highly variable receptors: MHC complexes, T cell receptors, and
antibodies (Tables 3.1 and 3.2).

Adaptive immune mechanisms are thus in principle fully expected
to recognize nanoparticles (NPs). Among the factors that determine
the outcome of interaction with the immune system are NP properties
like size, surface charge, hydrophobicity, and coating agents [2—4].
Engineered NPs are clearly nonself, they are often in a size range
which overlaps with viruses (mostly 10—200 nm) [5], and the ability of
NPs to address virus-specific pathways is indeed used in designing vac-
cine delivery systems [6]. Very small NPs in the size range of normal
proteins (up to about 10 nm) may escape detection by the immune sys-
tem, but most NPs remain monodispersed only at very low concentra-
tion. Increasing concentrations often lead to aggregation, forming
structures that are well within the size range recognized by immune
cells. It might therefore be expected that NPs induce immune responses
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as a general rule. This, however, is not the case. The reasons will be
discussed in this chapter.

Due to the time delay, compared to innate immune responses,
adaptive immune reactions usually occur in an environment that is
already compromised and is characterized by ongoing innate immune
reactions. Adaptive immunity is thus shaped—among other factors—
by the type and extent of innate immune reactions present and is able
to extend and enhance the already-occurring inflammatory responses.
Here we may identify the first mechanism that allows us to avoid
immune responses against NPs: if no innate immune receptors are
triggered there are also no danger signals. Proinflammatory cytokines
(TNF-q, IL-1, IL-6, etc.) are released only upon sensing danger, and
nonself that fails to trigger danger receptors is tolerated [7]. Among
the most important danger signals are DAMPs released from cells
dying by necrosis. Any mechanism that kills cells without inducing
apoptosis (including nonbiological factors) will generate DAMPs and
induce inflammation. However, why should NPs kill a cell? In the
absence of specific killing mechanisms, they will simply be classified
as harmless by the immune system and adaptive tolerance will be
established, as discussed below. Acute cytotoxicity may be induced,
for example, by release of toxic ions from metal or metal oxide parti-
cles. This cannot be considered to be specific immunotoxicity, but
rather as general cytotoxicity, but immune parameters may be used
as readouts for assessing damage.

Even if a specific NP has genuine toxic properties that can lead to cell
death, these features may be attenuated after uptake into the body.
Biomolecules, most prominently proteins, attach to NPs nearly immedi-
ately when NPs are entering a biological matrix (e.g., sputum, lung fluid,
blood, but also artificial compositions like cell culture media) forming a
“protein corona” [8]. Binding of proteins may be either weak (“soft
corona”) or rather stable (“hard corona”). The composition of the corona
depends on the proteins available in the medium and it may develop over
time, even within the same medium [9—12]. Other biological molecules
can bind to NPs, but proteins are usually preferred binding partners due
to their variety and to the ample availability of charged or hydrophobic
surface areas combined with different surface geometries.

In principle, an adaptive immune response may be directed against the
NP itself, even after the attachment of biological molecules, in particular
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if only a “soft corona” has been formed. Alternatively, adaptive immunity
may recognize nonself-proteins, if these proteins have been picked up out-
side of the body and derived, e.g., from microorganisms, which is not
unlikely if the NPs are not clinically sterile. More worrisome are reports
about responses against self-proteins (see p. 45-46), due to changes in pro-
tein structure upon binding of proteins to the NP surface. Effects on the
immune system (both activation and suppression) may be due to the NPs
themselves, or to larger aggregates formed by NPs, or indirectly to effects
of NPs on biomolecules. In addition there may be guilt by association,
when the NPs are acting as carriers for dangerous substances, like bacte-
rial compounds or toxic chemicals carried over from synthesis [13,14].

3.2 DE NOVO INDUCTION OF ADAPTIVE IMMUNITY: MHC
COMPLEXES AND DENDRITIC CELLS

Dendritic cells (DCs) are primarily located below all body surfaces and
are often the first cells of the adaptive immune system to encounter
nonself-entities entering the body. Protrusions of the DCs (dendrites)
even extend to the outside of epithelia, so, for example, airways or gut
can be continuously monitored. DCs take up materials from their envi-
ronment and digest them. Ingested proteins are cleaved into peptides
that may be degraded into amino acids, but a sizable number of
nonself-peptides is loaded onto MHC complexes, and is in that form
presented on the surface of the cell (Table 3.1). The human genome
encompasses many different isoforms of HLA genes, which encode the
MHC complex proteins. The HLA repertoire is highly diverse in all
human populations, which is one of the factors explaining person-to-
person variation in immune reactions [15]. If a DC takes up nonself-
materials and receives additional activation signals, it leaves its site
and migrates to a lymph node where it interacts with the effector cells
of adaptive immunity, T and B cells.

DCs readily take up NPs, in particular if they are positively
charged. For micrometer-sized polystyrene particles (1.0—4.5 um), pos-
itively charged particles are taken up more efficiently by DCs and
macrophages [16], an effect that is especially relevant for DCs that are
otherwise less efficient phagocytes than macrophages. Uptake into
DC:s is optimal for particle sizes 500 nm and lower, while positive sur-
face charge is aiding uptake for particles of any size [17]. It has been
suggested that negatively charged NPs may be used for delivery to
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Table 3.1 The Receptors/Recognition Molecules of Adaptive Immunity
NAME | FUNCTION STRUCTURE

MHC-I Heterodimer of a membrane
spanning a-chain noncovalently
linked to soluble 3, microglobulin.
Expressed on most cell types (not
on red blood cells). It presents
peptides coming from the cytosol
(e.g., from infecting viruses) and
transported to the endoplasmic
reticulum.

peptide-binding cleft
% oy

oy
-microglobulin
3 g

I |

2 —

MHC-II | Heterodimer of membrane
spanning a- and 3-chains.
Expressed on macrophages, DCs, T
and B cells, and some epithelial
cells, absent in neutrophils, red
blood cells, liver, kidney, brain
(except for the tissue macrophages).
It presents peptides coming from
endocytic vesicles (e.g., from
ingested bacteria).

peptide-binding cleft
B, &

TcR The T cell receptor recognizes
carbohydrate

antigen bound to MHC and wchain pohain
triggers T cell activation.
variable
region
constant
region
[p—

| —

cyloplasmic tail

disulfide bond

Reproduced with permission from Janeway’s Immunobiology, 5th Edition, Garland Science, Taylor and Francis.

DC:s since positive charge leads to more unspecific uptake by other cell
types [17]. However, cationic liposomes show enhanced adjuvant activ-
ity compared to anionic or neutral ones, and this is associated with the
induction of Tyl cytokines (see Section 3.3) [18]. It is not unexpected
that positive NP surface charge supports uptake into cells: both phos-
pholipids and membrane proteins are mostly negatively charged, so
the surface of biomembranes should readily interact with positively
charged particles. However, it should be remembered that NPs dis-
solved in biological liquids will quickly bind biomolecules, mostly pro-
teins. Thus, for instance, the zeta potential of charged gold NPs in
serum collapses nearly immediately toward the average value for
serum proteins [8,19,20], so the cell surface should be exposed to a
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charge density as encountered in self-proteins—a situation that is not
likely to promote specific uptake. NPs that associate proteins only
transiently (“soft corona”) may still have parts of their charged surface
accessible to cells, but in other cases a preferred uptake into DCs
would be a function of their high phagocytic potential. Alternatively,
the uptake into cells may be mediated by the corona proteins, since
many proteins in extracellular space (like plasma) are ligands for recep-
tors expressed by different cells. This behavior can be used for target-
ing NPs to specific cell types in medical applications, as discussed
elsewhere (Chapter 6).

While corona formation is interesting for delivery of drugs or vac-
cines, the ability of NPs to bind proteins over prolonged times raises
concerns as well. Biological compounds can be acquired at different
sites, including outside of the body. Among the compounds that may
associate with NPs in the environment, bacterial compounds are of par-
ticular concern. Numerous bacterial compounds activate inflammatory
pathways (see Chapter 2), so NPs associated with such agents will find
themselves in an immune-activating context. A second class of contami-
nants that can be picked up by NPs outside of the body and be delivered
as part of a “hard” bioshell are allergens. This type of contamination
could be relevant to risk populations, that is, to allergic persons, and to
persons prone to develop allergy, which may be facilitated by the code-
livery of NPs and allergens. The possible effects of NPs on the develop-
ment and manifestation of allergy will be covered in Chapter 4.

For safety considerations, NP effects on DCs are of concern on sev-
eral levels. Cytotoxic effects of NPs may become particularly apparent
in cells with high phagocytic potential. However, in a study that com-
pared toxicity of CoO NPs and Co ions for a range of cell types, DCs
were the least sensitive cell type for toxicity due to ions and the second
least sensitive cell type for toxicity due to particles [21]. Both agents
used in this study are clearly toxic, but it makes sense that DCs are
quite resistant to toxins as such, since they are professionally taking up
pathogens that can carry or release toxins (e.g., bacterial toxins like
cholera toxin) but they need to be able to mature and migrate to
lymph nodes or other secondary immune tissues where they activate T
cells. The entire process of DC-mediated T cell activation takes several
days and high sensitivity to toxins would not allow performing that
function, so DCs need to be resistant to toxins.
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Besides cytotoxicity, NPs may interfere with cellular functions, in
particular with the intricate steps of antigen processing. How would
NPs be able to disturb this process? Microbial pathogens (viruses, bac-
teria, fungi) contain proteins that will be processed for binding to the
MHC complex. NPs do not consist of proteins, but they are associated
with proteins via their bio-corona and they are able to interfere with
DC activation. It has been shown that antigens delivered by biode-
gradable NPs can increase escape of the antigens from endosomes,
resulting in efficient presentation of externally delivered antigens not
only in MHC-II (as it occurs for antigens taken up from the extracellu-
lar space and going into endosomes) but also in MHC-I (as in the case
of antigens free in the cytoplasm such as viral proteins) [22—24]. This
process is called cross-presentation and it is important, for example,
for the defense against viruses that do not infect antigen-presenting
cells (APCs). Its induction by NPs shows that NPs have the potential
to interfere with molecular mechanisms within DCs, thereby affecting
the repertoire of peptides presented to T cells and thus modifying the
adaptive immune response. The ability of DCs to recognize and pres-
ent nonself-peptides and to induce specific immune responses against
them has made them a major target for vaccine delivery. Many groups
are working to use the specific properties of NPs to enhance uptake of
vaccines and to achieve increased presentation of vaccine-derived pep-
tides by the MHC complex (for reviews see Refs. [25,26]). Similarly,
the possibility to sensitize the immune system against cancer-derived
proteins using NPs both as carriers and as adjuvants has received
much attention [27,28]. Some of these therapeutic options shall be dis-
cussed in Chapter 6. Immunosafety of NPs developed as drugs is
reviewed in Ref. [29].

3.3 T CELL SUBTYPES

Depending on the cosignals they receive during interaction with APCs,
T cells can differentiate into several different types. The cosignals
involved are cell—cell contacts via adhesion molecules, and cytokines
secreted by antigen-presenting and bystander cells. The context of anti-
gen presentation thus determines the type of response, since the differ-
ent T cell subsets have quite different tasks. For a simplified overview,
it can be stated that Tyl, Tyl7, and Ty22 cells are associated with
type 1 immune response (antibacterial, antiviral, strongly linked to
innate immune responses), T2 and Ty9 are linked to type 2 immune
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Table 3.2 Activated T Cell Types
TYPE FUNCTION

Type 1 responses

Tyl Induction of a type 1 immune responses, critical for clearing bacteria that live within
cells

Tyl7 Maintenance of type 1 immune responses, leading to chronic responses, associated
with autoimmunity

Tu22 Involved in chronic type 1 responses, in particular at body barriers like skin,
associated with some autoimmune diseases

Type 2 responses

T2 Induction of a type 2 inflammation, essential for allergic reactions, thus associated
with allergy and allergic asthma

T Involved in established type 2 inflammation
Regulatory
Treg Immunosuppressive, down regulate both type 1 and 2 immune responses, can be

already present (natural Treg) or differentiate during a response (induced Treg)

Cytotoxic

CTL Kill cells of the body that have been infected by viruses, also have the potential to kill
other deviant self-cells, like tumor cells

response (allergic diseases and antiparasite defense), and regulatory T
cells (Tregs) are responsible for suppressing immune responses and
inducing tolerance (Table 3.2). For overviews of currently known and
discussed T cell subtypes, see Refs. [30,31]. It has been shown in recent
years that a number of cell types exist that do not express the T cell
receptor or other canonical markers, but which are highly active in
secreting cytokines, tentatively named innate lymphoid cells [32]. The
nomenclature and identity of these novel cell types are under intense
discussion, as they are in between innate and adaptive effector cells,
with noncanonical T cell recognition capacity but with important regu-
latory capacity for adaptive immune functions (see Chapter 2). NP
effects on these new cell types have not yet been studied.

A key question is whether NPs affect the expression of cytokines,
since the “cytokine milieu” is essential for deciding which type of
immune response will occur. Polystyrene beads coated with either the
model antigen ovalbumin (Ova) or with an Ova peptide representing
the minimal T cell epitope-induced T cells expressing either IFN-~y or
IL-4, depending on size [33]. Size 40—49 nm was ideal for IFN-y and
size 93—123 nm for IL-4. IFN-y is the main cytokine released by Tyl
cells, in the context of this study a preferred result, since it aimed at
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vaccine development where type 1 responses should be induced. I1L-4 is
the master regulator for type 2 reactions and is produced mainly by
Ty2 cells. The different responses may be related to size-dependent
preferences for uptake mechanisms, but that does not really explain
the different outcomes, as both pathogen-derived antigens and aller-
gens can be associated with particles of any size. Pulmonary exposure
of mice to multiwalled carbon nanotubes (MWCNTSs) induces immu-
nosuppression linked to the production of IL-10 [34] and TGF-3 [35].
Both cytokines are immunosuppressors that can be produced by sev-
eral cell types, including alveolar macrophages, but they are also the
signature cytokines of Tregs. A role of T cell-mediated suppression
cannot be ruled out, in particular since the rise in IL-10 levels was
detected in spleen [35], possibly due to Tregs that differentiated follow-
ing exposure to MWCNT in the lung. These examples show that NPs
can selectively affect the Tyl/Ty2 balance, thus inducing different
forms of immune response, and they may also induce Treg activation,
which results in immunosuppression. Immunomodulation on the T cell
level is discussed in the following section.

3.4 REGULATING ADAPTIVE IMMUNITY: REGULATORY
T CELLS AND ANERGY VERSUS INFLAMMATORY T CELLS

When confronted with NPs, in most cases the immune system does not
react with protective mechanisms. The immune system is specialized to
deal with pathogens, so its instruments are not necessarily the most
suitable ones to defend the body against dangerous NPs. The induction
of cell stress may be beneficial to deal with toxins and to induce apo-
ptosis if too much damage is inflicted. In general, detoxification
mechanisms promoting ejection of toxins, like increased mucus pro-
duction and toxin modifications, for example, by cytochrome P450
enzymes, are professional mechanisms that protect the body from tox-
ins. Consider that our body contains about 10 times as many bacterial
cells than human cells, but nevertheless remains in healthy homeosta-
sis. The default is to have no immune response because most nonself-
agents do not harm the body. Many NPs will fall within this category.
On the other hand, observing a response of the immune system toward
NPs is not the same as confirming that the specific NP type is danger-
ous: the response may just reflect mechanisms to regain homeostasis or
even active strategies to define the recognized agent as harmless.
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It is not trivial to establish which Ty subset is induced by NPs. An
instructive example is a study in which rats were intratracheally
instilled with TiO, NPs that induced an initial innate immune response
in the lung, followed after 1—2 days by increased levels of cytokines,
including IFN-~, IL-4, and IL-10 [36]. In other words, the signature
cytokines of Tyl, Ty2, and Treg cells were all present. This is not
unusual at the start of an immune response when different reactions
may manifest but it clearly implies that immune events need to be fol-
lowed over time to understand what is going on. In the quoted study,
a type 1 response developed as late-phase response, but since the Dark
Agouti rat strain used is prone to Tyl responses, this may have been
determined by the animals used. Studies in mice have reported Ty2
responses induced by TiO, NPs [37,38], but this could again be deter-
mined by the strains used (ICR and BALB/c mice, respectively) or it
could be an effect of species difference (mice vs. rats). On the other
hand, TiO, NPs come in different size, shape, surface area, and crystal
structure, which all may also determine the type of response [39,40]. It
is known that size of NPs can affect the T cell subtypes that develop,
not unexpected, since size predisposes for specific routes of uptake into
cells and also for more efficient uptake into different cell types, but
based on available data it is not possible to draw a general conclusion
which sizes would be associated with special T cell subsets [41].
Reports on selective induction of T cell subtypes by NPs should thus
not be generalized without good supporting evidence, ideally based on
an understanding of the molecular mechanism.

In cases where an immune response is induced, the choice of a defen-
sive response versus tolerance is made in an interaction between DCs, T
cells, and possibly other bystander cells. Importantly, tolerance is not
the same as failure to recognize nonself. We recognize many nonself-
entities but decide to tolerate them. The “harmless” label is maintained
throughout time and rests on active mechanisms. A specific subset of T
cells in charge of tolerance comprises regulatory T cells (Treg) that
secrete the immunosuppressive cytokines TGF-3 and IL-10. The induc-
tion of antigen-specific Tregs constitutes an active mechanism to estab-
lish and maintain tolerance, and it is one reason why we do not respond
to nonself-entities like food or dust, which regularly enter our body [42].
When it is desired to ensure immune tolerance against NPs, it is a rea-
sonable strategy to aim at obtaining active tolerance by favoring the dif-
ferentiation of Tregs. Both PLGA (poly-lactic-co-glycolic acid) and
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TMC-TPP (N-trimethyl chitosan tripolyphosphate) NPs enhance T cell
activation upon nasal application. In a recent study, Ova-coated PLGA
NPs applied to BALB/c mice led to differentiation of DCs that in vitro
stimulated the differentiation of Ova-specific T cells into FoxP3™ T cells
[43]. NP type, charge, and size all played a role, as did the source of
DC:s (cervical lymph-node-derived DCs being more efficient than DCs
from inguinal lymph nodes) [43]. The main message here is that the
transcription factor FoxP3 is the hallmark of Treg cells. The choice of
NPs can thus induce a specific type of T cells, by influencing the DCs.
The differentiation of DCs depends on antigen type, dose, bystander
substances, and other factors, and it leads to DC subtypes that are pre-
disposed to induce specific types of T cells. The particles investigated
here were developed for nanomedical applications [43], but it is conceiv-
able that similar specificities exist for NPs where they are not recognized
or desired. A preference for Treg induction would lead to immunosup-
pression, an unwelcome effect if an antipathogenic response has to be
induced in cases of infection. A very direct approach to modulating the
T cell subtypes induced by NPs is to load them with cytokines known to
induce certain subsets. Thus, PLGA NPs loaded with the cytokine LIF
induced development of Tregs, while loading with IL-6 led to increased
development of Ty17 cells [44]. Importantly, the quoted study showed
that neither NPs nor any of the cytokines alone reproduced the effect on
T cell subtype differentiation. Ty17 cells can be seen as being nearly the
opposite of Tregs [45]. While Tregs induce long-term tolerance, Ty17
cells are associated with the development of long-term type 1 reactions
[46]. This type of response is important to combat pathogens that
remain resident in the body for longer times, but Ty17 cells are also
associated with autoimmune diseases, a detrimental form of long-
lasting inflammation.

A further T cell type to be considered are cytotoxic T cells (CTL),
which kill virus-infected and otherwise deviant cells, but are also produ-
cers of cytokines. Both lipid- and polymer-based NPs have been devel-
oped as adjuvants to obtain a better response to vaccination, by inducing
CTL protective against viral agents [47]. A nanoemulsion based on soy-
bean oil used to deliver thyroglobulin in a mouse model of experimental
autoimmune thyroiditis led to up-regulation of Tregs and TGF-{3 levels
and to milder disease symptoms [48]. As the human autoimmune disease
Hashimoto’s thyroiditis is linked to the thyroid-specific protein thyro-
globulin [49], that result may lead to novel therapeutic strategies.
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Besides the induction of Tregs, a second important mechanism for tol-
erance is permanent inactivation of effector T cells. This occurs whenever
a T cell is activated with low intensity. There is no such thing as a half-
activated T cell: if the activation signals are strong enough, the T cell will
proliferate and become an activated effector T cell. However, if the sig-
nals received are insufficient, the activation mechanisms are shut off and
the cell enters a state of anergy [50]. Importantly, anergic T cells remain
in that state even if later the same antigen reoccurs combined with strong
activation signals. Anergy, a state of permanent T cell inactivation, is
thought to be important for tolerance against self-antigens, for example,
during puberty when numerous proteins are expressed for the first time.
The same mechanism could prevent defense against NPs that are usually
not associated with strong immune activation signals. Both Tregs and
anergy create problems when it is desired to break tolerance, for example,
in the case of a tumor. A perspective for medical use of NPs is in breaking
tolerance, because a tumor-specific antigen attached to an NP may possi-
bly appear in a sufficiently different context to be recognized by new sets
of T cells, thus evading both Treg-mediated suppression and tolerance
due to anergy. Many types of NPs are investigated for their potential to
act as adjuvants in the application of vaccines [51], and the desired induc-
tion of Tyl responses has been shown in clinical trials [52]. The type 1
immunity induced by vaccine formulations follows an initial innate
Immune response, recapitulating a sequence that occurs frequently during
the defense against pathogens. Inducing the same reaction in established
tolerance, for example, against a tumor, would be an extremely interest-
ing perspective.

Danger signals result when cells are damaged and release DAMPs,
but other mechanisms are also possible. An extreme scenario would be
that NPs themselves or the proteins attaching to them are recognized as
danger signals, a case for which the term NAMPs (nanoparticle-associ-
ated molecular pattern) has been proposed [53]. This possibility is less
far-fetched than it sounds, as some NPs (like carbon nanotubes) have
an ordered surface, due to their synthesis procedure, in other words, a
repetitive pattern, which is a type of structure that is particularly well
detected by immune receptors. Ordered surfaces of NPs could also
induce formation of an ordered protein layer: again a repetitive pattern.

A number of reports have demonstrated that protein binding to
NPs induces conformational changes which lead to changes in
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biologically important properties. Selective binding of fibrinogen to
poly(acryl acid)-coated gold NPs induces partial unfolding in which
the D domain of fibrinogen loses its normal structure, resulting in
binding to the integrin receptor Mac-1 and in induction of inflamma-
tion [54]. In this case fibrinogen turned into a DAMP; whether it also
becomes immunogenic and stimulates adaptive immunity is unknown.
In a further study, it was shown that the effect was dependent on the
size (range 7—22 nm) of the particles used, with larger particles binding
with increasing affinity and slower dissociation rate. Furthermore, in
presence of excess NPs, fibrinogen induced aggregation of larger parti-
cles, consistent with interparticle bridging [55]. The proinflammatory
effect of misfolded fibrinogen was most evident with small particles
(5—10 nm) [54]. The complexity of the system—involving only a single
protein and a single type of NP—demonstrates that it will be challeng-
ing to predict this type of interactions.

Apolipoprotein A, the major protein of high-density lipoprotein,
binds to many NP types. A study investigating binding to polystyrene
NPs showed effects on secondary and tertiary structure, with helical
content increasing for negatively charged NPs and decreasing for posi-
tively charged ones [56]. The same study reported effects on secondary
structure for reconstituted high-density lipoprotein, apolipoprotein
B100, human serum albumin, and lysozyme. Absorption of carboanhy-
drase to silica NPs also affects the secondary structure; in that case, it
is the curvature of the NP that determines the amount of perturbation
to the protein’ structure [57]. A study comparing five different plasma
proteins (albumin, fibrinogen, ~-globulin, histone,' insulin) to gold
NPs found conformational changes for all of them, as determined by
methods including CD spectroscopy and fluorescence quenching [58].
A recent review on known examples and molecular mechanisms
involved in changed properties of proteins bound to NPs summarizes
the state of the art [59].

From these findings a story emerges: the body is indeed primarily
exposed not to the NP surface but mostly to self-proteins. However, the
proteins attached to NPs display changes in structure and possibly also in
function. We are therefore dealing to some extent with an “altered self”
that may induce clearance by macrophages, the normal fate of misfolded

"Histone is normally located in the nucleus of cells, associated to DNA. However, it is found at
increased levels in plasma of patients with some autoimmune syndromes and neoplastic diseases.
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proteins, but could also lead to new B cell epitopes (antibody-binding
sites) and new T cell epitopes (peptides binding to MHC complexes): a
different structure can affect how the protein is processed within the
APCs. The refolding of self-proteins attached to NPs makes it an urgent
matter to develop tests which can detect rather subtle modifications in the
adaptive branch of immunity, like changes in the population of peptides
presented in the MHC complexes of APCs. This is a challenging task due
to the tremendous person-to-person variation in our adaptive immune
receptors. However, the ability to change protein structure could also be
turned to benefit: it has been suggested that intentional misfolding of
corona proteins induced by small molecules can be applied to target NPs
to specific cells for medical purposes [60]. The study showed uptake into
macrophages, exploiting the recognition of the misfolded proteins on the
NP surface by the scavenger receptor CD36, which is also expressed in
other cell types that may be interesting for drug delivery, including adipo-
cytes, cardiac and skeletal muscle cells, and DCs.

3.5 B CELLS AND ANTIBODIES

Soluble antibodies are secreted by activated B cells, also called plasma
cells. Antibodies are expressed by naive B cells as membrane proteins;
however, upon proper stimulation they are produced in soluble form
by differential splicing. Later on, excision of chromosomal DNA leads
to production of different isotypes with the same recognition specific-
ity, a process important in the development of an adaptive immune
response (Table 3.3). B cell activation is usually controlled by T cells,
which provide regulatory signals via cytokines and adhesion molecules,
but some stimuli may result in the production of soluble antibodies in
the absence of T cell help. An example is the production of antibodies
against polyethylene glycol (PEG), which can be induced by
PEGylated liposomes [61—64]. Repeating carbohydrates like PEG can
be recognized by B cells through T cell-independent mechanisms, lead-
ing to production of soluble IgM but not of other isotypes, because
class switching is strictly under T cell control. Anti-PEG antibodies are
of concern, as NPs are PEGylated for therapeutic purposes, to shield
the compound from the immune system. Many protein drugs are used
in PEGylated form and it can be expected that NP-based drugs will
have similar properties regarding possible immunogenicity of PEG.
The question of PEG immunogenicity is, however, contended. Some
reports claim that even in healthy blood donors, up to 25% of the
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Table 3.3 Human Antibody Isotypes

TYPE FUNCTION STRUCTURE

IgM Moderate neutralization capacity, no opsonization  heavy
activity, excellent complement activation. Weak Ig M chams
extravascular diffusion. Inhibited by IL-4, IFN-y, and Jight

TGF-B. Pentameric form. Lfg /\7 chains
IgD Membrane-bound, it acts as antigen receptor for naive B = I’%\xz\,

cells. No neutralization, complement activation or =
opsonization activity, no extravascular diffusion. r\a‘“ %

Monomeric form.
%\\

1gGl Good neutralization and complement activation activity, e LH AN
excellent opsonization capacity, and excellent bond 0

extravascular diffusion. Induced by IL-4, inhibited by
IFN-~. Monomeric form. IgD

L

1gG2a Good neutralization and complement activation activity, %%_é[
and excellent extravascular diffusion. Inhibited by IL-4, HH
induced by IFN-~. Monomeric form.

5 heavy
chains

I1gG2b Good neutralization and complement activation activity,
and excellent extravascular diffusion. Induced by TGF-3.
Monomeric form. IgG/\
1gG3 Good neutralization and opsonization capacity, excellent ’%5
complement activation activity and extravascular HH
diffusion. Inhibited by IL-4 and TGF-3, induced by IFN- heavy
~. Monomeric form. chains

1gG4 Good neutralization activity, moderate opsonization oE
capacity, no complement activation activity, excellent xg Q’ .
extravascular diffusion. Monomeric form. % /

IgE Defense against multicellular parasites. No neutralization,
opsonization, or complement activation capacity. It binds ¢ heavy
to parasites or allergens and triggers histamine release

from basophils and mast cells. Induced by IL-4, inhibited
by IFN-~. Monomeric form. secretory IgA

I

IgA Defense at the mucosal level (lung, gut, urogenital tract) 5 haine
and in saliva, tears, breast milk. Prevention of pathogen
colonization. Good neutralization activity, moderate
opsonization, and complement activation capacity.
Monomeric form can diffuse to extravascular sites,

dimeric form can cross epithelia. J\]} {Q

Adapted from http:llwww.ufpe.brlbiolmoll Aula-Imunogeneticalaula-imuno-03.htm

donors have anti-PEG antibodies [65], while a recent critical review
dismissed published data on immunogenicity of PEG due to flawed
and unspecific tests for anti-PEG antibodies [66].

B cells are often seen as “antibody factories.” This is a useful meta-
phor to describe a plasma cell that produces large amounts of antibodies
during infection. However, B cells are also professional APCs. Antigen
presentation via the MHC-II complex instructs T cells for specific
immune responses. It is not likely that NPs are able to act as T cell epi-
topes, that is, fitting into the peptide-binding cleft of the MHC complex.
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However, NPs may interfere with the processing of antigens for MHC
presentation, potentially delivering specific proteins but also affecting
uptake, processing, and intracellular fate of unattached proteins. This
aspect has been considered for macrophages and DCs [67,68] but has not
yet been studied in depth for B cells. Of note, contact to the B cell recep-
tor can induce a state of B cell anergy [69]. It is unknown whether NPs
are able to induce such a response.

There are many studies in which NPs have been used as delivery vehi-
cles for antigens in order to raise clinically desired antibody responses [51].
Similarly, the capacity of B cells to produce cytokines has received atten-
tion in the field [70]. Analyzing NPs as antigens is not easy since antibody
binding would be most relevant in biological media (like plasma or lymph),
so it is experimentally difficult to distinguish between binding of antibodies
to the NP and binding to NP-associated proteins. Changes in protein struc-
ture induced by binding to NPs as discussed above, certainly do have the
potential to affect the B-cell response against proteins and other biological
compounds forming the NP corona in biological media. The question
whether NPs can act as bona fide antigens remains open. Data available so
far do not indicate the formation of antibodies against various NP types,
maybe due to a lack of T cell help. For an overview of studies to that sub-
ject see Ref. [4]. However, even if NPs cannot act as immunogens to induce
a B-cell response, they may still act as haptens (a hapten being a small
molecule that can become immunogenic if linked to a larger carrier), a
well-known property of fullerenes [71,72]. This may be due to the
small size of fullerenes (less than 1 nm for the classical Cgy body), but
binding of anti-Cg, antibodies to single-wall carbon nanotubes has
been reported [73], so cross-reactivity is an issue. Phage display meth-
ods have been successfully used to obtain human antibody fragments
binding to gold surfaces [74], but generally it is not likely that NPs
without associated biological agents could induce anti-NP antibody
responses in human or mice, even in presence of strong adjuvants [75].

3.6 TOXICITY AT THE LEVEL OF SPECIFIC IMMUNE CELL
TYPES: DOES IT EXIST?

Immunosuppression can be achieved via toxic effects. If immune cells
are depleted due to cytotoxic agents, reduced immune competence is
found along with other health effects. If NPs with cytotoxic properties
target specific immune cells, immunosuppression can occur even if all
other cell types are present to normal levels, a situation which is most



48 Albert Duschl

dramatically illustrated by inherited immune diseases in which one cell
type is missing, for example, T cells in X-linked severe combined
immunodeficiency [76]. Is it possible that toxic NPs act with similar
specificity on cells of the immune system? The question is of practical
interest, as genuine cell type-specific cytotoxicity would be much hard-
er to screen with conventional cytotoxicity or viability assays, which
are mostly performed in a limited repertoire of well-established
stable cell lines that cannot fully represent the properties of primary
cells and do not cover the complete spectrum of relevant immune cells.
For primary cells, not all cell types can be obtained, and substantial
person-to-person variation requires using a panel of donors, resulting
in expensive and time-consuming tests.

A major selective factor for cell-specific toxicity is the preferred
uptake of NPs depending on size by different types of phagocytic cells.
This could, for toxic NPs, lead to a depletion of monocytes,
macrophages, or DCs. T cells are specifically affected by poisons like
cadmium [77], but no specific studies on T cell toxicity of cadmium-
containing NPs are available. However, cadmium-containing quantum
dots coupled to anti-CD4 antibodies were successfully used to label
mouse T lymphocytes and spleen cells, so at least with that material
there was no immediate T cell toxicity [78]. Putting the specific immu-
notoxicity of NPs in perspective, there are so far no reports that would
firmly link NPs to the induction of either autoimmune diseases or of
allergies, two types of diseases that are frequent in the population and
that are associated with problems stemming from type 1 and type 2
adaptive immune reactions, respectively. NPs are investigated for treat-
ing these disorders (see Chapters 4 and 6), but no causal contribution
to the development of these pathologies is known (see Chapter 5).
While this question needs further investigation, NPs by themselves so
far do not appear to cause specific damage to adaptive immune reac-
tions. Preferred uptake by phagocytic cells is at this point the most
likely cause for NP effects on the immune system that are not associ-
ated with overall damage to the body.

Paracelsus famously explained that the dose makes the poison,’
but it can be added that in immunity the circumstances make the

2Alle Ding' sind Gift, und nichts ohn' Gift; allein die Dosis macht, daf ein Ding kein Gift ist. (All
things are poison, and nothing is without poison; only the dose permits something not to be
poisonous.)
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poison as well. For a person undergoing an invasion of pathogens, a
vigorous inflammatory response is urgently necessary, but if the same
set of inflammatory agents is directed against a self-antigen, autoim-
mune disorders ensue. In the first case, the immunoactivating proper-
ties of certain NPs can make them useful to support therapies, for
instance by acting as adjuvants to strengthen the antipathogenic
response, while in the second case immunosuppressive and anti-
inflammatory NPs would be in demand. If specific NPs are shown to
modulate immunity in a consistent and reproducible way, this prop-
erty can be considered for therapeutic application, even if the NPs
were not designed for this purpose in the first place. The use of
immunomodulatory NPs for medical application is addressed in
Chapter 6.
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Nanoparticles and Allergy

Albert Duschl

Department of Molecular Biology, University of Salzburg, Salzburg, Austria

4.1 ALLERGY: A SPECIAL CASE OF IMMUNE REACTION

An allergy is, according to textbook definitions, an immune-based
detrimental response toward a substance that is tolerated by most people.
This definition distinguishes allergens both from pathogens and toxins
(detrimental to all), and it also distinguishes allergies from hypersensitiv-
ities toward physical factors like light and cold (not immune-mediated). If
does not, however, restrict the definition to a specific type of immune
response. The exact definition of different types of allergic reactions is
complex, and, for instance, adverse responses toward drugs occur in dif-
ferent forms where allergies and other hypersensitivities blend into each
other [1]. Rather than following these intricate discussions, we will focus
here on the two types of immune response that are referred to as allergies
in everyday usage: immediate-type allergies and delayed-type allergies.
These two conditions are also by far the most likely to occur upon expo-
sure to an allergenic stimulus (Figure 4.1).

Immediate-type allergies (also known as IgE-mediated allergies or
type I allergies) are induced by a wide range of plant- and animal-derived
proteins. They involve induction of T2 and Ty9 cell subsets and produc-
tion of the cytokines IL-4 and IL-13. Both these cytokines induce B cells,
in the presence of appropriate costimuli, to secrete IgE-type antibodies.
IgE occur in blood only in minute amounts, but they are very long-lived
when bound to high-affinity receptors on the surface of basophils, mast
cells, and eosinophils. The long lifetime of IgE when bound to effector
cells creates the problem that most allergies do not resolve, in contrast to
episodes of infection that are usually over within a limited time. Re-expo-
sure to an allergen after years or even decades can still induce allergic
reactions, which puts sensitized people at risk. The incidence of allergies
has increased to a shocking extent, and about 30—40% of the world pop-
ulation is now affected with one or more allergic conditions [2]. The
majority of cases are immediate-type allergies, of which typical
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Figure 4.1 Immediate (type I) and delayed (type IV) hypersensitivity reactions. (Reproduced with permission
from Janeway’s Immunobiology, 5th Edition, Garland Science, Taylor and Francis.)

manifestations include hay fever, house dust allergy, food allergies, and
allergic asthma. If a large amount of allergens are delivered at one time,
for example a bee or wasp sting, an allergic person may respond with a
life-threatening anaphylactic shock, in which a systemic allergic reaction
occurs. In addition, allergies of the upper airways (allergic rhinitis, better
known as hay fever) can develop into allergic asthma, a life-threatening
disease that can destroy the functionality of the lung.

Delayed-type allergies (also described as type IV allergies or, for
most cases, contact allergies) depend on T cells, both T-helper cells
and cytotoxic T cells, as well as on macrophages. As infiltration of
allergen-specific cells is required, the development of an allergic
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response takes a few days, while immediate allergies can manifest
symptoms within minutes. A well-known allergen for delayed-type
allergens is Nickel, which is found in accessories like jewelry, jeans
buttons, and wristwatches [3]. Allergies of this type can develop against
a large variety of substances in the form of contact allergens. This is a
special problem in the work place where people can be exposed to
unusual chemicals over a long time, repeatedly, and at high doses.
Repeated exposure over a long period of time is also the origin of con-
tact allergies toward a range of consumer products, including toiletries
and cosmetics. Concerns about contact allergies and other delayed-
type allergies are focusing on work place and product safety, while for
immediate-type allergies, unintentional and generally unavoidable con-
tact with natural substances is often the case. Some allergens inducing
immediate-type reactions can be avoided by sensitized persons (foods,
drugs), but this is difficult for many inhaled allergens that are compo-
nents of our general environment (Table 4.1). For all types of allergy,
it is important to clearly separate the sensitization phase, when an
allergy develops but there are usually no clinical symptoms, and the
reaction phase when exposure to an allergen elicits a response.

During sensitization, IgE are produced (immediate type) or specific
T cell clones are activated (delayed type). For transient exposures, the

Table 4.1 Features of Inhaled Allergens Triggering IgE Responses

FEATURE WHY

Carried by particles Although soluble, allergens are often carried by particles (e.g., pollen),
which probably are pivotal for favoring their interaction with the airways
and lung tissues

Protein Only proteins can trigger T cell activation, which is required in allergic
reactions
Contains host-specific T cell Allergens contain peptide sequences that can bind to the host’s MHC-II
epitopes molecules, thereby being able to prime specific T cell responses
Low dose Exposure to low doses favors the activation of T cells producing
IL-4 (Ty2)
Enzyme In some cases, allergens are proteases (enabling allergens to penetrate the

epithelial barrier)

Stable Allergens are exceptionally stable (can persist unaltered in dried
particles)—an important property of many food allergens that are not
readily denatured in the acidic environment of the stomach

High solubility Readily eluted from the particles

Low molecular weight High diffusion into mucus of allergenic proteins released from the
particles
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allergen is often gone by the time the adaptive immune mechanisms
have developed, so there are no symptoms during the sensitization
phase. Without noticing anything unusual, the person has now
developed an immunological memory to respond against the allergen.
Thus, first exposure to an allergen usually does not induce disease
symptoms. Exceptions are cases of cross-reactivity, where different
antigens are similar enough to each other to be recognized as identical.
For example, patients allergic to birch pollen may develop food allergy
to apples, as apples contain a protein very similar to the major birch
pollen allergen [4]. Note that the reverse does not occur: the apple
allergen provokes reactions but does not act as sensitizing agent.

Upon re-exposure to an allergen, the anomalous immune reactions
occur and cause obvious health problems. Treatment is mostly symp-
tomatic, like the administration of histamine receptor blockers to pre-
vent the activity of histamine, which is released by activated mast cells
and basophils. The only causal therapy available is subcutaneous or
oral immunotherapy, where patients receive high doses of their specific
allergen in the hope to induce a shift toward a tolerant phenotype
[5—7]. These therapies are often not very effective, and allergies remain
a significant medical problem.

Nanoparticles (NPs) can come into play at three levels. First, they
may influence the sensitization phase, making it more likely that a per-
son responds to an allergen. Second, they may exacerbate the reaction
phase, affecting the severity of the reaction. Third, they can be used as
carriers or adjuvants in the development of new therapeutic principles.

4.2 NANOPARTICLES IN THE SENSITIZATION PHASE OF
ALLERGY

A genuine influence of NPs on the de novo development of an allergy
would require either an interaction with the allergen at that point or a
direct effect on the immune system, promoting misdirection toward a
type 2 immune response. The loading of allergen onto NPs is a main-
stay of experimental therapeutic approaches (see p. 67), so the combi-
nation of NPs and allergens clearly has the potential to influence
immunity, even if the NP should act only as a carrier of the allergen.

One way to explain why allergens loaded onto NPs may be treated
differently from free allergens at the same dose is to consider the



Allergy 59

enrichment of allergens on the NP surface, resulting in an increased
local dose. An immune cell, for example a DC, may in this way be
exposed to higher allergen concentrations and, due to NPs using spe-
cific uptake mechanisms, different entry pathways into cells could be
relevant as well. If allergenic proteins happen to have a high binding
affinity to NPs, a “hard corona” may include them, possibly even in
an ordered manner due to a patterned surface of the NP. Even NPs
with a homogenous surface could induce patterning, because a shaped
surface may promote binding of proteins to both this surface and to
each other in an ordered way. The potential for immunogenicity
increases if binding to NPs prompts changes in protein structure that
expose “cryptic epitopes” [8] or if it elicits different biological effects
due to altered structure (Chapter 3). If the protein in question is an
allergen, this can result in a higher allergenic potential. While allergens
are able to elicit responses at low ambient concentrations—one of their
defining features—there are exceptions where quite high amounts of
allergen are present, like seasonal plant pollen during suitable climatic
conditions and animal hair in facilities that keep animals. The poten-
tial presence of “cryptic epitopes” implies of course that other epitopes
may be disrupted or masked, so binding to NPs may also reduce the
capacity to induce allergy (i.e., reduce the allergenicity of an allergen).

There are at present no data to demonstrate that such a specific
synergy between NPs and allergens occurs, but it has to be cautioned
that this may not only be due to a lack of studies aiming at that spe-
cific question, but also to the fact that it will be hard to measure it in
humans, should it occur. In fact, sensitization is without clinical symp-
toms and it affects only a (often very small) minority of people for any
individual allergen. Most people have no known allergy, despite being
continuously exposed to a wide variety of allergens. It is known, how-
ever, that even small changes to proteins can strongly influence their
processing in DCs and result in enhanced presentation of peptides in
MHC-II complexes as well as in increased allergic responses [9].

Mouse studies in strains predisposed to develop allergies are one
way to approach this problem. There are in particular numerous
studies on NP effects in the Ova-BALB/c mouse model. This is a
model frequently used in allergy research, because mice of the
BALB/c strain will mostly respond to appropriate exposure to Ova
(most commonly by intraperitoneal injection using alum as adjuvant)
with a strong immediate-type allergic response [10]. There are some
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limitations to this model: Ova is a food allergen for humans but it is
most often used in the mouse to mimic inhaled allergens, as the
model can be developed to display key features of allergic asthma.
The allergic response in mice differs from the human situation in
various aspects. For example, while mice produce two antibody iso-
types in allergy (IgE and IgG;), humans produce only one (IgE).
Most importantly, there is no phenotype in humans where all
exposed persons develop an allergy—that would even exclude a reac-
tion from being an allergy, if we consider the definition given at the
beginning of this chapter. That the BALB/c mice respond so reliably
in developing an allergic phenotype is very useful because it allows
working with minimal numbers of animals, but it limits the corre-
spondence to humans, in particular for the initiation phase of aller-
gic responses.

The adjuvant alum has already been mentioned. Alum is a term
that encompasses several amorphous or crystalline aluminum pre-
parations, including hydroxide, oxyhydroxide, hydroxycarbonate,
and magnesium hydroxide, all in combination with aluminum [11].
It is one of few adjuvants that are licensed for use in humans, and it
supports, at least in the mouse, a Ty2-biased adaptive immune
response, that is, the type that is associated with allergy. This is not
a problem for human vaccine formulations that include strong bacte-
rial or viral agents, but in mice alum is routinely used to elicit
allergic responses for experimental purposes [12]. Reports on inflam-
matory immune responses initiated by formulations of alum and of
other nanosized crystals have created considerable excitement as
they have demonstrated that particles can act as danger signals, for
example, by rupturing lysosomes or by direct activation of intracellu-
lar inflammation-related receptors [13—15]. These mechanisms are
not limited to artificial agents, as uric acid crystals, deriving from
uric acid released by necrotic cells [15,16], can also act as potent
danger signals. Alum is a classic adjuvant for inducing allergic sensi-
tization in the mouse, a property that is not fully understood but
seems to be associated with its ability to induce various danger sig-
nals and to modify the expression of specific cytokines as also shown
for poly(lactic-co-glycolic acid) NPs loaded with antigen [17]. Species
differences have to be taken into account, as outlined above, but it is
important to note that there are cases on record where NPs can spe-
cifically induce type 2 adaptive immune responses.
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Delivery via air is the route of uptake for many allergens. It has
been shown that some types of NPs can induce chronic inflammation
in the lung, with specific parameters that are associated with allergic
disease. TiO, NPs instilled into the lung of ICR mice induced chronic
type 2 immune responses even in the absence of an allergen [18] and,
together with the allergen Ova, TiO, NPs promoted the development
of allergy in BALB/c mice [19]. Proallergic effects in mouse models
have also been reported for single- and multiwalled carbon nanotubes
[20—22], latex nanomaterials [23], carbon black [24—26], and for both
TiO, and gold NPs [27].

A few caveats have to be added at this point. First, the doses used
in many studies were quite high, and it is not clear that they represent
any situation that can realistically occur in human exposure. Second, it
is fully appreciated that significant species differences exist, and mouse
data cannot be extrapolated to humans without additional controls.
Third, in particular early studies were influenced by comparisons with
combustion generated nanomaterials, like Diesel exhaust particles.
These ambient particles are a significant problem for air quality and it
is accepted that they contribute to the detrimental effects of air pollu-
tion on human health [28,29], but these unintentionally produced parti-
cles are much more complex than engineered NPs and they usually
come associated with soluble and volatile chemicals, which makes it
difficult to pin down the responsible mechanisms for observed effects.
The nanosized fraction of environmental particles also does not seem
to be acutely toxic per se [30].

4.3 NANOPARTICLES AND THE RESPONSE AGAINST
ALLERGENS

The second phase of allergy occurs during re-exposure to allergens.
Here IgE are already present (or specific T cells in the delayed-type
allergies). This phase is easier to address as the patient is already sensi-
tized, displays clinical symptoms, and will have been diagnosed by
physicians to determine the relevant allergenic stimuli. What could
NPs do in such a situation? This is an important question as a high
percentage of the population is allergic, and it needs to be clarified
whether they may require special attention as risk persons. If relevant
interactions between NPs and allergens do occur, these may prompt
appropriate labeling of consumer products and additional measures
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toward work place safety. The identification of potential risk persons
is one of the present needs in nanosafety research.

In the reaction phase, NPs may act for example as an irritant in a
tissue that is already inflamed. Dust will elicit a reaction when inhaled
by asthmatics, and NPs, in particular if they have a propensity to
aggregate, may behave similarly. An irritant effect of airborne particles
could be address with antidust measures that are implemented in many
working environments.

That NPs have the potential to exacerbate an already existing aller-
gic condition is shown by animal studies. For example, nanosized SiO,
particles lead to more severe asthmatic reactions in the lung of Ova-
sensitized rats, when comparing the administration of Ova plus NPs to
the administration of Ova alone [31]. In a mouse model of Ova-
induced asthma, SiO, NPs increased allergic responses both in terms
of stronger sensitization during first exposure to allergen and of stron-
ger allergic responses during reexposure in already sensitized animals
[32]. However, other studies have found that application of NPs plus
allergen in already-sensitized animals reduced asthmatic symptoms, as
reported for TiO, in Ova-sensitized rats [33,34] and for iron oxide
(Fe,O3) NPs in mice, at least when the NPs were administered in high-
er doses [35].

How can some NPs reduce asthmatic symptoms? One important
point is that reduced asthmatic symptoms do not equal improved
health. Enhanced infiltration of neutrophils is often reported
[27,34,35], and because neutrophils are typical effectors of innate
immunity, this may indicate that the NPs suppress type 2 immunity by
being powerful inducers of type 1 responses that are associated with
innate immune system activation. When TiO, NPs were applied in dif-
ferent regimens, their effect on a mouse model of Ova-sensitization
was to promote innate inflammation characterized by neutrophil immi-
gration, when NPs were used either before sensitization or repeatedly
[36]. Eosinophilia and airway hypersensitivity (hallmarks of asthma)
were reduced, but other inflammation markers went up and the health
of the animals deteriorated as indicated by a loss of body weight [36]:
improving specific asthma parameters is not always good news.

Recent studies have aimed to clarifying molecular mechanisms by
which NPs affect allergic processes in the lung. Ova-sensitized BALB/c
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mice showed, upon application of silver NPs, reduced levels of the
growth factor VEGF (vascular endothelial growth factor) that is over-
expressed in asthma and contributes to the overproduction of mucus
proteins typical for the disease [37]. Signaling molecules induced by
VEGF were also reduced, suggesting an effect on signaling mechan-
isms. In a similar mouse model, effects of silver NPs were studied at
the proteomic level by collecting bronchoalveolar lavage fluid
(obtained by “washing” lung sections using a bronchoscope, a tech-
nique that is also used as diagnostic procedure in humans) [38]. A
number of proteins were found that were specifically present upon NP
application in either healthy or allergic mice. The interpretation of the
complex results obtained this way is difficult, but the advantage of
“Omics” approaches is that they are hypothesis-free and allow reveal-
ing previously unsuspected connections. We can expect more studies of
this type in the future.

Not all NPs enhance allergic responses. Fullerenes reduce the
release of allergic mediators [39]. This sounds very positive for every-
body affected by an allergy; however, the study gives rise to less san-
guine interpretations. The authors have studied the IgE-dependent
activation of human mast cells and basophils by a model antigen
in vitro and found that fullerenes reduced the response, associated with
an inhibition of the intracellular tyrosine kinase Syk, an enzyme that is
important in immune signaling pathways. The findings could be con-
firmed in a mouse model [39]. For unintentional exposure, this obser-
vation is problematic because interference with signaling is one of the
most challenging issues in immunology. The complex nature of signal
transduction makes it extremely difficult to predict effects on the level
of the organism when an inhibitor is applied, so while the report allows
speculation about using fullerenes in antiallergic therapy, it is not indi-
cating that fullerenes are harmless for immunity.

4.4 SENSITIZERS, CONTACT ALLERGY, DELAYED-TYPE
ALLERGY

Delayed-type allergy is, in a sense, less serious than immediate-type
allergy, as it is usually not considered to be a potentially lethal disease.
However, it can lead to uncomfortable rashes and sometimes to severe
skin conditions that have serious impacts on the patients (Table 4.2).
Sensitization against stimuli encountered during the working activities
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Table 4.2 Type IV Hypersensitivity

PATHOLOGY ANTIGEN PATHOLOGICAL SIGNS
Delayed-type hypersensitivity Proteins: insect venom, Local swelling (erythema, inflammatory
tuberculin infiltrate, dermatitis)
Contact hypersensitivity Metal ions: nickel, chromium Local skin reaction (erythema,
Haptens: dinitrofluorobenzene | inflammatory infiltrate, vesicles, local
(DNFB), pentadecacatechol abscesses)
(poison ivy)
Celiac disease Gliadin Malabsorption due to villous atrophy in
small intestine

can require a change of work places, and stimuli that are also present
in consumer products may force people into tiresome investigations to
make sure that they are not exposed to it.

There is evidence that NPs can affect the development of skin reac-
tions. Intravenous injection of iron oxide NPs attenuated the symptoms
of delayed-type hypersensitivity in a mouse model [40], and the same
was found upon application of fullerenes [41]. Interestingly, the respon-
sible mechanisms observed in the two studies were quite different. The
study on iron oxide NPs found reduced numbers of Tyl cells and
macrophages (both effectors of delayed-type allergy) but no change in
immunosuppressive Tregs, while for the fullerenes, enhanced numbers
of Tregs was reported, along with reduced expression of proinflamma-
tory cytokines that are produced by the cells involved in delayed-type
reactions, including Tyl cells and macrophages.

Silica NPs aggravated atopic dermatitis-like skin lesions in a mouse
model, but this effect was strongly dependent on the size of the NPs,
where smaller NPs favored the development of an immediate-type
response involving Ty2 cells [42]. A similar size dependency was
reported for polystyrene NPs, where again smaller particles had a
stronger effect in reducing symptoms of atopic dermatitis in a mouse
model while up-regulating immediate-type allergy [43]. These reports
make it clear that reducing skin sensitivity may not necessarily be a
desired effect. If it is achieved by inducing an immediate-type allergy,
the individual may be worse off. However, the induction of Tregs [41]
is a promising option, as tolerance toward allergens is the general goal.
The importance of sensitizers for the work place and consumer safety
will keep them in focus. It is possible that in a particular work place,
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exposure may result in adverse responses, because the work place will
often involve repeated and chronic exposure to unusual materials,
potentially at high doses. The issue is closely monitored by the respon-
sible agencies.

4.5 THERAPEUTIC PERSPECTIVES

Mostly, the best response of the immune systems to NPs is no response
at all or, alternatively, the establishment of tolerance against these agents.
However, if specific NPs show reproducible effects on the immune sys-
tem, they may be candidates for the development of therapies. In the con-
text of allergies, NPs are intensely investigated as carriers for allergens
during specific immunotherapy, which generally aims at desensitization
(induction of tolerance) by using high allergen doses. The large surface of
NPs makes them ideal for carrying large loads of allergens, resulting in
high local concentration of allergens, which is what is needed for thera-
peutic efficacy. Besides, if NPs by themselves should be are able to pro-
mote either a type 1 immune response or a tolerogenic reaction, their
immunomodulatory potential is highly desired to support the redirection
of immunity that is the goal for causal therapies of allergy.

Many types of NPs have been used in experimental approaches,
both stable and degradable ones. The state of the art is summarized in
recent reviews where specific information can be found [44—46].
Equally, the potential clinical uses as well as the problems of NPs in
dermatology have been intensely investigated. For reviews see Refs.
[47—49]. For the many patients suffering from allergic diseases, it is
good news that NPs may offer completely new avenues for treatments,
but it is remarkable that many of the materials that are now under
investigation for therapeutic applications have originally been identi-
fied for having detrimental effects on immunity. As always, context is
everything.
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Nanoparticles and Immunological Frailty

Diana Boraschi
CNR, Institute of Protein Biochemistry, Napoli, Italy

5.1 WHEN DOES IMMUNOLOGICAL FRAILTY OCCUR?

Immunological frailty encompasses all the diverse situations in which
the immune response is not adequate (Table 5.1). An example that is
universally known is that of AIDS patients who, because of the selec-
tive killing of T cells by the virus, become susceptible to many different
kinds of infections and often die due to infections by microorganisms
that are normally considered as harmless. In fact, these patients
become infected with microorganisms that rarely succeed in causing an
infection in normal people, due to the fact that the patient’s immune
system is unable to protect them against such agents. This underlines
the notion that our well-being is the result of a constantly active
immune surveillance.

When and how can the immune system fail? There are several possi-
bilities. Newborn babies, for instance, have an immature immune sys-
tem. It takes about 1 year for full development, a reason why babies
are more susceptible to a series of diseases. Infections such as measles
can kill babies below 1 year of age, while it rarely kills those above
that age. Immunity to polysaccharides does not develop until a few
years of age, which poses a problem for several polysaccharide-based
vaccines that are not effective in young children. For some devastating
infections of the newborn (such as the deadly Group B Streptococcus),
vaccinating the mothers is by now seen as the best way for protecting
the child.

Pregnant women also have altered immunity. The reason is that the
developing fetus may be considered a sort of allotransplant (similar to
a noncompatible organ), and therefore the immune system of the
mother needs to avoid a “rejection” response, triggered by the fetal
nonself proteins provided by the father’s DNA. On the other hand,
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Table 5.1 Immunological Frailty: Population Groups at Risk

GROUP CAUSE OF EXPECTED CONSEQUENCE ON HEALTH
IMMUNOLOGICAL
FRAILTY

Age

Newborns and Immunological Susceptibility to infections, often with severe

infants (below immaturity consequences

1 year)

Young children Immunological Lack of responsiveness to certain agents (e.g.,

(below 5 years) immaturity polysaccharides), with consequent inadequate reaction

to some infections

Elderly (> 65 years) | Immunological Slower and lower reaction to certain agents, with

senescence increased susceptibility in particular to respiratory

diseases

Life Conditions

Malnutrition General and Increased susceptibility to all kinds of dangerous events
(insufficient) immunological (infections, tumors, etc.), slower capacity of recovery
weakening

Malnutrition Low grade chronic Anomalous reactivity to danger, increased incidence of

(obesity) inflammation infections and other diseases (metabolic syndrome,
tumors, cardiovascular and respiratory illnesses,
diabetes)

Stress (in particular Generalized Increased susceptibility to all kinds of dangerous events

when chronic) immunosuppression (infections, tumors, etc.)

Diseases and Drugs

Immunosuppressive

Generalized

Increased susceptibility to all kinds of dangerous events

drugs immunosuppression (infections, tumors, etc.)

Infections (e.g., Generalized Increased susceptibility to all kinds of dangerous events

AIDS) immunosuppression (infections, tumors, etc.)

Tumors Generalized Increased susceptibility to all kinds of dangerous events
immunosuppression (infections, tumors, etc.)

Allergy and asthma

Immune hyperreactivity

Exaggerated reaction to usually harmless agents

Autoimmunity

Immune hyperreactivity

Reaction to self-molecules, chronic tissue, and organ
damage

because it is very important that the mother stays in good health in
order to carry out successfully her pregnancy, the immune system is
highly active in keeping off dangerous agents. Immunity during preg-
nancy is a particularly complex issue, but in any case, despite the lack
of rejection of the fetus, it is obvious that there is no generalized
immunosuppression, and therefore no classical frailty [1].

Malnutrition is an extremely important cause of immunological
frailty. While this is an infrequent problem in developed countries,
malnourished people are very frequent in Sub-Saharan Africa and in
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other less-developed areas. The reasons for inadequate immunity in
malnourished people are obvious, being linked to the general weaken-
ing of the entire organism: the correlation between body mass index
(BMI: kg/m?) and death for infections is striking, with risk increasing
five times with a BMI below 15 [2]. Malnutrition in developed coun-
tries is usually associated with old age, as we will see (Section 5.3). On
the other hand, immunological inadequacy also accompanies obesity,
in which a constant inflammatory status increases the susceptibility to
infections [3].

Another long-known cause of immunosuppression is stress, in par-
ticular when it becomes a chronic disease state. Indeed, disease is
among the most frequent and widespread causes of immunological
frailty together with aging. Both will be described below (Sections 5.2
and 5.3).

5.2 DISEASE

We can group diseases in those that cause immunosuppression and
those that imply immunological hyperreactivity.

Diseases that cause immunosuppression, directly or indirectly, are
infections and tumors. In the case of the HIV-1 infection that causes
AIDS, the selective killing of CD4" T lymphocytes by the virus
causes a generalized immunosuppression, whereby the organism
becomes unable to properly react to a large variety of microbes or
unable to counteract the development of tumors. Indeed, it is note-
worthy that AIDS patients can be infected and also killed by micro-
organisms that are harmless to healthy people or develop tumors
such as the Kaposi sarcoma that rarely occur in immunologically
competent people [4].

Besides the extreme and well-known case of HIV-1, strategies for
escaping or suppressing immune responses have been developed by all
successful infectious microorganisms, as circumventing immunity is their
winning survival strategy (see for instance Ref. [5]). It is interesting to
note, in this respect, that our coexistence with bacteria (the “microbiota”;
in the human body there are 10 bacteria for each human cell) is actively
regulated by our immune system at the interfaces between host and exter-
nal environment. In the gut, where the majority of our bacteria are
located, mucosal production of the cytokine IL-18 is apparently key to
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keeping bacteria in check, with commensal bacteria becoming invasive if
IL-18 is missing [6].

Tumors, similarly to microorganisms, can develop only if they are
able to circumvent the immune surveillance and antitumor immune effec-
tors. Thus, tumors can produce anti-inflammatory and immunosuppres-
sive molecules or, in the case of solid tumors, re-educate incoming
inflammatory leukocytes (such as macrophages) from tumoricidal cells to
anti-inflammatory cells with angiogenic and tissue reconstruction capac-
ity, thereby exploiting them for their own growth and expansion [7].

Diseases such as allergies (see Chapter 4), degenerative, chronic
inflammatory, and autoimmune diseases (multiple sclerosis, rheuma-
toid arthritis, inflammatory bowel diseases, systemic lupus erythemato-
sus, etc.) are all based on anomalous immune reactivity (reactivity to
usually harmless agents or to self-antigens) or exaggerated immune
reactivity (excessive, persistent/chronic responses). Many of these dis-
eases imply abnormal inflammation, with activated leukocyte and
inflammatory cytokines becoming the cause of the physical and func-
tional tissue damage. Therapy with inflammatory cytokine inhibitors,
as in the case of anti-TNF-a and anti-IL-13 drugs (antibodies or
antagonists), leads to significant symptom alleviation in many of these
diseases, underlining the central pathological role of abnormal innate
immunity/inflammation in these syndromes [8.9].

It should be mentioned here that in people with tumors, infections,
autoimmune diseases, or organ transplants, an additional cause of
immunological frailty is the therapy with anti-inflammatory and
immunosuppressive drugs: corticosteroids, cyclosporine, chemothera-
peutics, biologics such as anti-TNF-a all have immunosuppressive
effects and can promote the susceptibility of the patient to opportunis-
tic infections and other kinds of aggression.

5.3 AGING

Prolongation of life expectancy is causing the rapid aging of the
world population, both in developed and developing countries. By
the year 2030, the population that will have =60 years of age is pre-
dicted to represent over 25% of the total population, of which 75%
will be living in less-developed countries. Thus, a major public health
challenge in the twenty-first century is how to ensure healthy and
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active aging (“adding life to years” is the motto of WHO for healthy
aging actions).

The aging of the immune system is the objective of active research,
in order to devise strategies for immune “rejuvenation” that will ensure
better reaction to infections, which are indeed the major cause of mor-
bidity and mortality in the elderly and in developed countries [10]. The
elderly immune system is generally characterized by a reduced fre-
quency of naive immune cells and by increased, and therefore already
biased, memory cells. This is why elderly people may be better pro-
tected as opposed to younger people against some pandemic infections
(which they have already encountered in their life). On the other hand,
the relative inability to recognize novel infections and the generally less
adequate capacity of reacting makes them more susceptible to diseases,
in particular to respiratory illnesses. Moderate physical exercise, con-
stant intellectual stimulation, good nutrition, and prevention (vaccina-
tion) are among the actions that can delay immune aging and the
transition from “young old” to “old old” [10]. In fact, immunological
frailty in the elderly is not only due to age, but it is the summing-up of
several risk factors, including disease and malnutrition. An example is
that of periodontal diseases, very frequent in the elderly, which can
cause malnutrition due to tooth loss and consequent difficulties in feed-
ing, and that contribute to both respiratory and cardiovascular pro-
blems and to chronic inflammatory diseases such as diabetes and
rheumatoid arthritis [11,12].

5.4 INTERACTION OF NANOPARTICLES WITH FRAIL
IMMUNE SYSTEMS

Immunological frailty is a particularly important risk factor when
examining the possible effects of NPs on human health. For example,
as for other kinds of insults, inhalation of high dosages of SiO, NPs
caused more severe cardiopulmonary disorders in old rats as compared
to young animals [13], while high dosages of metal NPs showed more
pronounced neurotoxicity in very young or very old rats as compared
to adult animals [14]. Although the role of frail immunity has not been
fully investigated in these circumstances, it is conceivable that to the
local damage could concur the anomalous capacity of the immune sys-
tem to deal with the foreign particles. While in the case of old age, car-
diopulmonary diseases or cancer, the issue is an impaired capacity to
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eliminate the particles, in other diseases the presence of NPs may cause
enhanced reaction.

The majority of information available of how NPs can exacerbate
an underlying disease status relates to respiratory syndromes, in partic-
ular allergies and allergic asthma (see Chapter 4). Indeed, it is intuitive
to expect that inhalations of NPs into an already inflamed lung tissue
may lead to increased distress and exacerbate the disease. In the case
of autoimmune diseases, a role of NPs in disease initiation has been
long hypothesized, however there is no formal proof of it. Recently,
Si0O, NPs and carbon nanotubes were shown to increase protein citrul-
lination in vitro and in vivo, suggesting a possible contribution to the
pathogenesis of rheumatoid arthritis, in which autoantibodies to citrul-
linated self proteins are a hallmark [15]. In any case, given the particu-
larly complex multifactorial origin of autoimmune diseases, which
includes genetic and nongenetic elements and a strong involvement of
the microbiota, if NPs contribute to disease development or exacerba-
tion they may do it not only by providing an additional challenge to
the immune system that contributes to amplifying the chain of anoma-
lous pathological events, but also by interfering with the microbiota
homoestasis leading to immune dysfunction [16]. The concept that
health depends on the cross talk between our immune system and our
commensal microbiota, will open important new directions in under-
standing the safety of nanomaterials.

Thus, whereas little is known about the susceptibility of
immunologically frail people to the putative detrimental effects of
NPs, it is likely that these population groups are more at risk than
immunocompetent adult healthy people, in line with the known
increased susceptibility to infections and tumors. This would suggest
that the nanosafety studies should be targeted in particular to immuno-
compromised and immunologically altered people, as effects may be
identified that do not occur in the “normal” population.
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6.1 INTRODUCTION

Particulate systems of various sizes and shapes (e.g., liposomes, oil-
in-water emulsions, polymeric nano- and microspheres, metallic nano-
particles (NPs) such as gold, silver, and iron oxide crystals, core-shell
hybrid NPs) offer many diagnostic and therapeutic applications
(Figure 6.1; Table 6.1) [1,2]. For instance, small and large molecule
therapeutics can be encapsulated in liposomes and polymeric particles.
One advantage of encapsulation strategy is to afford protection against
drug degradation or inactivation en route to the target site.
Furthermore, drug encapsulation may reduce the amount of active
agent needed to obtain a beneficial therapeutic effect and effectively
minimize or eliminate drug-induced toxicity. Drug encapsulation in
particulate carriers may be considered a viable approach for selection
and administration of highly potent drugs that have previously been
discarded on the grounds of high toxicity, poor solubility, and instabil-
ity in the systemic circulation [2]. However, therapeutic molecules
entrapped in a particulate carrier are not bioavailable unless released.
Accordingly, the pharmacokinetic parameters of the encapsulated
drugs will be controlled by physicochemical properties of the carrier
that regulate drug release and biological factors that modulate carrier
performance (e.g., stability, circulation times, biodistribution) [1,2].
Particulate carriers, however, by virtue of their size, shape, and surface
properties (e.g., display of structures with repeated domains) may
resemble many microorganisms. These properties make particulate car-
riers prone for interception by different components of the body’s
defenses following entry into the body [3.4]. Accordingly, the type and
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50nm

Figure 6.1 Examples of NPs in medicine. Cryo-transmission electron micrographs of single unilamellar vesicles
with entrapped doxorubicin (top image), scanning electron micrographs of polymeric nanospheres (middle image),
and atomic force microscopy images of single-walled carbon nanotubes coated with poly(ethylene glycol)sppp—-
phospholipid conjugates (bottom image).

the extent of immune responses will depend on physicochemical char-
acteristics of the carrier, administered dose, frequency of administra-
tion, and the portal of entry.

Immune responses frequently comprise safe elimination and destruc-
tion by phagocytic cells, as discussed in Chapter 2 [3—5]. This, however,
offers an unprecedented opportunity for delivery of therapeutic agents to
these cells (Table 6.2) [6]. Examples include delivery of antimicrobials
(because macrophages serve as the site of proliferation for many patho-
gens), metabolic enzymes for enzyme-replacement therapy (e.g., glucocer-
ebrosidase), and even toxins (for selective macrophage elimination in
relation to specific pathological conditions) [6]. The macrophage
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Table 6.1 Selected Examples of NPs in Medicine

EXAMPLES

APPLICATIONS

Lipid-based

Liposomes: vesicular structures
consisting of amphiphilic lipid forming
bilayer enclosing part of the aqueous
phase in which they are dispersed.
Liposomes have different morphologies
and sizes. Examples include
multilamellar vesicles, small unilamellar
vesicles, large unilamellar vesicles, and
giant unilamellar vesicles.

Delivery of therapeutic (e.g., drugs,
enzymes, antigens, nucleic acids) and
diagnostic agents.

Polymer-based

Nanospheres: this refers to polymer-
based structures where the
pharmaceutical agents are dispersed
throughout the structure.

Nanocapsules: these structures are
composed of an oily or an aqueous drug-
containing core surrounded by a
polymeric membrane.

Similar to liposomes.

Inorganic NPs

Gold, Quantum dots, iron oxide.

Medical imaging (computed
tomography, fluorescent, magnetic
resonance).

Carbon NPs

Single-walled carbon nanotubes,
multiwalled carbon nanotubes; fullerene.

Delivery vehicles, Contrast agents
(magnetic resonance, ultrasound).

Composite NPs

Core-shell NPs (silica-gold); carbon

Photothermal abalation of

nanotube—iron oxide hybrids.

pathological cells (e.g., tumor cells)
under magnetic resonance guidance.

Table 6.2 Applications of NPs in Macrophage Targeting

PATHOPHYSIOLOGICAL
CONDITION

EXAMPLE

Infectious diseases (macrophage
infections)

Bacterial: Tuberculosis (antibiotic and immunomodulator
delivery)

Fungal: Leishmaniasis (delivery of antimonial drugs and
immunomodulators)

Viral: Rift valley fever virus (delivery of immunomodulators/
lymphokines)

Macrophage storage/metabolic diseases

Gaucher’s disease (enzyme-replacement therapy: delivery of
glucocerebroside 3-glucosidase)

Macrophage neoplastic diseases

Histiocytosis X (delivery of cytotoxic agents)

Autoimmune and inflammatory
conditions with macrophage involvement

Autoimmune blood disorders, spinal cord injury, restonosis,
rheumatoid arthritis (macrophage “suicide” approaches)

Disease diagnosis through macrophage
involvement

Macrophage loading with contrast agents (e.g., for detection
of atherosclerosis, rheumatoid arthritis, lymph node mapping)

Host protection through macrophage
involvement

Vaccination (antigen delivery to macrophages and antigen-
presenting cells)
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phagocytic/endocytic pathway will direct nanoparticulate drug carriers to
lysosomes, where local degradation processes will release the entrapped
cargo from the carrier into phagosome-lysosome vesicles. Efficient cargo
delivery to cytosol, however, may be achieved by triggered release
mechanisms in late endosomes. Examples include pH-sensitive and fuso-
genic drug carriers [7].

Moreover, particulate systems may be used as immune potentiators
or adjuvants triggering elements of innate immunity that subsequently
assist the generation of potent and persistent adaptive immune
responses [8]. Indeed, a wide range of organic and inorganic particulate
systems are receiving attention as adjuvants for vaccine formulations
[8—10]. Most of these efforts are being directed to enhance the immu-
nogenicity of subunit vaccines through both antigen protection and
targeting to antigen-presenting cells as well as immunostimulation
[8—10]. The latter may involve complement system (for instance some
complement activation products can induce B-cell activation) or direct
activation of NALP3 inflammasome complex (apoptosis-associated
speck-like protein and caspase-1 protease), which in turn cleaves and
activates the immunostimulatory cytokine IL-13 [10,11].

Rapid interception and elimination of particulate carriers by phago-
cytic cells, however, is of concern if the intended target site for thera-
peutic intervention lies elsewhere [2]. However, many pathogens have
deployed strategies that overcome interception by body’s defenses at
many levels [5]. Understanding of these strategies has provided means
for design and engineering of “phagocyte-resistant” particulate drug
carriers and functional nanosystems [5]. Fundamentals of macrophage
interception of particulate matters and in relation to therapeutic parti-
cle design are discussed in this chapter.

6.2 MACROPHAGE DISTRIBUTION, ACTIVATION, AND
HETEROGENEITY

Macrophages are widely distributed and strategically placed in many
tissues and in different body compartments, which allow them to read-
ily intercept particulate invaders (Figure 6.2) [12]. In the vascular com-
partment, the hepatic macrophages (Kupffer cells) are the
predominant scavengers and constitute the largest population of
macrophages in direct contact with the blood in human, mice, and rats
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Figure 6.3 An electron micrograph of a rat Kupffer cells with ingested polymeric NPs localized in lysosomal
compartments.

(Figure 6.3) [6]. Hepatic macrophages have been classified according
to their location and phenotype. Among them, the periportal Kupffer
cells, comprising 45% of total liver macrophages, exhibit high scaveng-
ing abilities, which is also reflected in their larger size and higher lyso-
somal enzyme activity (on a per cell basis), compared with Kupffer
cells located in the hepatic midzonal and perivenous regions [13]. In
species such as calves, pigs, cats, goats, and sheep, the main scavenging
role is assigned to pulmonary intravascular macrophages that are
adherent junctionally to the capillary endothelium of lungs [14].
Organs such as the spleen and the bone marrow also contain some
macrophage populations that are in direct contact with the blood and
can participate in particle extraction from the systemic circulation
[15,16]. In the human and the rat spleen (examples of sinusoidal
spleens), these include marginal zone and the red-pulp macrophages
[15]. In some species such as rabbits (but not humans), macrophages
also appear in the sinuses of bone marrow—blood barrier and these are
termed perisinal macrophages [16]. However, access to stromal or
hematopoietic macrophages of the bone marrow is typically through
transcellular and intercellular passage across the bone marrow sinus
endothelium [16]. Monocytes (and other leukocytes) are scavengers in
the blood, but due to their low numbers relative to Kupffer cells, their
scavenging role is marginal [6]. Some particles, depending on their
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physiochemical properties, may reach macrophages located at patho-
logical sites such as solid tumors and atherosclerotic plaques [1,2,5].

On intraperitoneal route of entry, peritoneal phagocytes will
intercept a large fraction of particles, but some particles could reach
macrophages in the lymph nodes through stomata in the diaphragm
[17]. Local interstitial macrophages as well as dendritic cells (DCs)
(interstitial and dermal DCs, Langerhans cells) will confront particles
present at subcutaneous sites [10,18]. A significant fraction of the parti-
cles at interstitial spaces, again depending on their physicochemical
properties, may drain into the initial lymphatic system and be con-
veyed to the regional draining lymph nodes for extraction by macro-
phages located at the subcapsular floor and medullary sinuses [18—20].
Lymph node sinus-resident immature DCs may also participate in par-
ticle clearance [18]. Alveolar macrophages are strategically placed to
intercept air-borne particles [6]. In contrast to these, only a small frac-
tion of particulate matters may ever reach phagocytes located in the
brain, gut, testis, synovial cavity, and the eye, unless administered
locally into these sites. In the gut, some particles may gain access to
macrophages and DCs of the lamina propria through the M cells of the
Peyer’s patches [21]. Macrophages are very flexible cells that react to
surrounding stimuli by initiating one of several activation programs.
Historically, they have been classified into two main groups designated
M1 and M2 [22]. M1 macrophages are immune effector cells that
engulf and digest pathogens and various particles. M1 macrophages
are activated by bacterial lipopolysaccharides and interferon-y. They
secrete high levels of IL-12 but low levels of IL-10. M1 activity inhibits
cell proliferation and causes tissue damage [22]. M2 macrophages are
alternatively activated macrophages. Generally, they are activated by
IL-4, produce high levels of IL-10 and low levels of IL-12. M2 macro-
phages promote cell proliferation and tissue repair [22]. Tumor-
associated macrophages are thought to be M2 macrophages [22].
Macrophages display remarkable heterogeneity even within the same
tissue [23—27]. For example, functional and phenotypic heterogeneity
are evident in the mouse spleen where there are at least five different
subpopulations of macrophages [26]. Functional and phenotypic het-
erogeneity has also been noted in both rat and human Kupffer cell
populations [27]. Circulating monocytes, which give rise to mature
macrophages, are also heterogeneous [25]. The different monocyte sub-
sets may reflect developmental stages with distinct physiological roles.
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6.3 MACROPHAGE RECOGNITION OF NANOPARTICLES

Macrophages express an extensive receptor repertoire that equips them
for rapid recognition and clearance of a wide range of particulate mat-
ters [0,12]. These include the family of scavenger receptors, Toll-like
receptors, carbohydrate receptors (mannose receptor, fucose/galactose
receptor), complement receptors, Fc receptors, tuftsin receptor, and
Dectins. These receptors recognize various features on particles either
directly or through opsonization processes in plasma, lymph, and tears
[1,2,5,6]. Accordingly, particulate targeting of macrophages may be
improved through surface modification with macrophage receptor
ligands such as mannose and tuftsin [1,6]. Key opsonic molecules
include complement proteins such as Clq, C3-derived species (e.g.,
C3b and iC3b), antibodies (notably IgG and IgM isotypes), and fibro-
nectin [1,2]. Particles of different physicochemical properties may
attract different arrays of opsonins. These processes may not only con-
trol which subpopulation of macrophages will host the particles but
could also indicate a recognition hierarchy phenomenon in phagocytic
clearance [6]. Nevertheless, the complement system and complement
proteins play a key role in particle recognition and clearance by
macrophages [2,28]. For example, both negatively- and positively-
charged liposomes activate and fix complement proteins considerably
more than zwitterionic vesicles [29]. The pathways of complement acti-
vation have also been shown to be different between liposomes of dif-
ferent lipid composition and electric charges [29]. Some anionic
vesicles activate the classical pathway of complement purely by bind-
ing Clq, which is attributed to the pattern recognition property of Clq
arising from its cationic globular head. Liposome-mediated comple-
ment activation may further be dependent on the binding of naturally-
occurring antibodies to phospholipid head groups and cholesterol [29].
For example, each globular head of Clq can bind to the Fc region of
immunoglobulin; the CH2 domain of IgG, or the CH3 domain of
IgM, but multivalent attachment of Clq is required for C1 activation.
As IgG is monomeric, at least two molecules are required to cross-link
the globular head of Clq and activate C1. On a typical surface, two
IgG molecules must be within 10— 40 nm of each other to form a
stable binding site for Clq. On the other hand, a single pentameric
IgM is sufficient to activate C1, which allows at least two Clq heads
to bind to separate Fc pieces. Human IgM is a mushroom-shaped
complex with a central 20 nm circular region and 11 nm radial arms.
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When deposited on NPs of similar dimensions (e.g., 40— 60 nm), IgM
becomes geometrically strained and this conformational change is suf-
ficiently enough to allow Clq accommodation and activation of the
classical pathway of the complement [30].

Particle shape can also modulate the specificity of antibody-
displaying NPs. For example, antibody-coated rod-shaped particles
exhibit higher specific uptake and lower non-specific uptake in cells
compared with spherical counterparts [31]. Accordingly, shape-induced
enhancement of antibody specificity and avidity (accumulated strength
of multiple affinities of individual noncovalent binding interactions)
may dramatically improve targeting.

Numerous studies have also established additional correlations
between particle size, complement activation, and phagocytic clearance
[2]. For example, the extent of surface opsonization by C3b molecules
and clearance kinetics by the mononuclear phagocyte system tends to
increase with particle size when normalizing surface area. In accor-
dance with the crystal structure of C3b, each surface-bound C3b mole-
cule may occupy an area of 40 nm? on an NP surface [32]. With
smaller particles, the bulk of activated C3 molecules will be released
into the surrounding medium rather than deposited on the particle
surface.

6.4 MACROPHAGE AVOIDANCE OF NANOPARTICLES

Surface strategies that generally suppress opsonization processes can
limit particle recognition by macrophages. There are many examples
from microbial systems as well as circulating cells such as erythrocytes
that can be translated for design of “macrophage-resistant” particulate
systems [5]. One approach is to minimize or eliminate complement
activation (and hence complement fixation) [28,33]. Examples include
surface modification or coating with naturally-occurring complement
inhibitors [28,33]. Another strategy is to create a sufficient degree of
steric barrier on the particle surface that can physically prevent particle
interaction with macrophage receptors [5,34]. One approach is surface
modification with methoxy poly(ethylene glycol), mPEG, and related
macromolecules [1,2,5]. Macrophage-avoiding or stealth particles are
typically below 150 nm in size, where the surface-projected PEG or
related polymer chains provide stability to the particle suspension by
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repulsion through a steric mechanism of stabilization involving both
enthalpic and entropic contributions [1,2,5]. Due to increased surface
hydrophilicity and close association with water molecules, the steric
barrier, and the structured water surrounding the barrier, may also
suppress protein adsorption, but this does not necessarily prevent opso-
nization processes [34,35]. For instance, complement activation and
fixation still proceeds with some surface-engineered particles where the
extent of complement activation and fixation depends on surface den-
sity and conformation of the projected polymers [36,37]. The surface
polymer conformational changes have further been shown to switch
complement activation from one pathway to another [36,37]. The steric
barrier on the NP surface, however, can interfere with the binding of
C3b and/or iC3b to their corresponding macrophage receptors [34].
Stealth NPs have widely been used for passive targeting of selected
pathological sites where anatomical openings exist (e.g., mostly
sarcomas and to some extent certain carcinomas) [2,5].

Stealth particles may not necessarily avoid all macrophages. For
example, splenic microcirculation (as in sinusoidal spleens) may direct
certain stealth particles to the red-pulp macrophages as a result of effi-
cient particle filtration at interendothelial cell slits in splenic venous
sinuses [15]. Morphologically, these stealth particles are rigid nonde-
formable entities of 220—250 nm in diameter. Red-pulp macrophages
in the vicinity of endothelial cell slits eventually take up filtered stealth
NPs, but the mechanism of recognition remains unknown [38,39].
Newly-recruited macrophages. as well as activated macrophages.
can also recognize some stealth particles independent of opsonization
processes [5,35,40].

6.5 OTHER CHALLENGES

Complement activation and fixation remains a central point for effi-
cient clearance and destruction of particulate invaders. However,
inadvertent activation of the complement system may trigger conse-
quential secondary responses with hemodynamic, respiratory, cutane-
ous, and subjective manifestations [41]. This is due to liberation of
potent complement bioactive products (e.g., C3a, C5a, and C5b-9)
with the ability to modulate the function of a variety of immune cells
and vascular endothelial cells. For instance, excessive production of
C5a may down-regulate immune responses in some leukocytes, while
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overactivating other cell types. Triggering of mast cells and basophils
by anaphylatoxins may lead to secretion of a cocktail of vasoactive
mediators (e.g., histamine, thromboxanes, leukotrienes) and induce
anaphylaxis and other undesirable effects [41]. Finally, C5b-9 com-
plexes may elicit nonlytic stimulatory responses from vascular endo-
thelial cells and modulate endothelial regulation of hemostasis and
inflammatory cell recruitment, whereas iC3b could induce up-
regulation of certain adhesion molecules on neutrophils and endothe-
lial cells.

The above-mentioned issues are of concern from a therapeutic angle
because complement-related adverse reactions to various particulate
carriers including stealth nanomedicines have been noted in the
clinic [41,42].
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The Invertebrate Immune System as a Model
for Investigating the Environmental Impact of
Nanoparticles
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Republic

7.1 BRIEF OVERVIEW OF INVERTEBRATE IMMUNITY

Innate immunity is considered to be natural, nonspecific, nonanticipa-
tory, and nonclonal, but germ line encoded; whereas adaptive immu-
nity is indeed specific, anticipatory, clonal, and somatic [1,2] (Chapters
2 and 3). Invertebrates lack an adaptive immunity. However, over long
periods of evolutionary time, millions of invertebrate species have
developed many different defense strategies to successfully cope with
invading bacterial, fungal, and viral pathogens, depending exclusively
on innate immunity [1]. From the first Metchnikoff’s observations of
phagocytosis in different invertebrate and mammalian cells, suggesting
an evolutionary mechanism devoted to protecting organisms from
pathogen infections [2], a potent and complex innate immune system
has been described in different invertebrate groups showing many com-
monalities to that of vertebrates [3.4].

Invertebrate systems rely on three basic mechanisms of immune
defense: physicochemical barriers, cellular defenses, and humoral
mechanisms (Figure 7.1), with cell and humoral responses acting in a
coordinated way for efficient elimination of potential pathogens.

The common defense mechanisms used by most invertebrates are
phagocytosis, production of reactive oxygen species (ROS) and nitro-
gen radicals, synthesis and secretion of antibacterial and antifungal
proteins, cytokine-like proteins, hydrolytic enzymes, agglutination and
nodule formation, encapsulation of foreign objects, activation of enzy-
matic cascades that regulate melanization and coagulation of hemo-
lymph. These functions are generally carried out by free circulating
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Figure 7.1 Components of the invertebrate immune system.

cells (hemocytes, coelomocytes) in the blood (hemolymph, coelomic
cavity) (Figure 7.1). It should be noted, however, that in the nematode
Caenorhabditis elegans, one of the invertebrate models most utilized
for genetic and molecular studies on innate immunity, mobile immuno-
cytes are not present, and intestinal epithelial cells are responsible for
cell-mediated immune response [5].

Hyalinocytes, granulocytes, plasmatocytes, and coelomocytes are
among the most common types of circulating cells identified in differ-
ent invertebrate groups, with each species generally showing the pres-
ence of different types of hemocytes (Table 7.1).

Distinct functions for each hemocyte type cannot be identified for
all invertebrates, because a specific immune function (i.e., phagocyto-
sis) performed by a morphological type of hemocyte in a particular
species may be carried out by a different cellular type in another spe-
cies. Despite the considerable efforts made for the characterization and
classification of hemocytes, given the impressively wide diversity of
their shapes and functions, the different methods and criteria used for
their characterization, the lack of a defined hemopoietic organ in
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Table 7.1 Examples of the Most Common Types of Invertebrate Immunocytes

Coelomocytes: heterogeneous morphology and functions, main immune cells in worms and echinoderms.

Granulocytes: include all hemocyte types filled with granules (basophilic, acidophilic) described in several
invertebrates. Can perform different functions, from phagocytosis to encapsulation, in different species/taxa.
Most similar to mammalian macrophages.

Hyalinocytes: agranular cells, molluscs (radical production) and crustaceans (clotting), phagocytosis.

Lamellocytes: large flat cells, encapsulation of large invading foreign material (insects).

Oenocytoids: main source of prophenoloxidases, enzymes required for melanization of invading organisms,
as well as for wound repair (insects).

Plasmatocytes: small spherical hemocytes; phagocytosis, antimicrobial peptides, encapsulation (insects).

numerous organisms, and the inability to document cellular matura-
tion, a comparison of these cells in different species, let alone in differ-
ent taxa, is far from being established. However, regardless of this
morphological and functional diversity, invertebrate immunocytes per-
form the same immune functions as vertebrate macrophages [6].

A wide range of molecules capable of recognizing pathogen-
associated molecular patterns (PAMPs) common to many microorgan-
isms, leading to activation of cell-mediated response, are present both
on the hemocyte membrane and in hemolymph serum. Moreover,
hemolymph serum contains a wide range of different secreted compo-
nents that participate in agglutination, opsonization, degradation,
encapsulation of microorganisms, as well as in clotting and wound
healing [4,7].

The lack of acquired immunity and the capacity to form antibo-
dies (specific response) does not mean lack of specificity: inverte-
brates have evolved genetic mechanisms capable of producing
thousands of different proteins from a small number of genes; this
diversity allows them to recognize and eliminate a wide range of dif-
ferent pathogens [§]. Among these, antimicrobial peptides (AMPs)
are small cationic peptides with a remarkable structural diversity,
engaged in the destruction of bacteria inside phagocytes, before being
released into hemolymph to participate in systemic responses. AMPs
appeared as one of the components of antimicrobial host defense
throughout evolution [9].

Genetic and molecular studies carried out in model invertebrates
(dipteran insect species and nematodes) lead to the identification of
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genes and proteins that play a key role in invertebrate immunity and
greatly contributed to the knowledge of the molecular mechanisms of
innate immunity in higher organisms. An example is the role discov-
ered for the Toll pathway in the detection of microbial antigens and
subsequent induction of innate immunity in Drosophila melanogaster
[10,11] (Figure 7.2).

From the description of a number of conserved immune-related
genes and related signaling pathways in D. melanogaster and C. ele-
gans [12,13], research on immune diversity in different invertebrate spe-
cies at the molecular level is becoming a central theme in the
characterization of immune systems. Sequencing of genomes and tran-
scriptomes of invertebrate species among cnidarians, worms, and
echinoderms revealed an unexpected diversity of innate immune path-
ways. Several components which were thought to be restricted to the
vertebrates were found to already occur in lower invertebrates and

Drosophila | Mammals |
Fungal/microbial components/
virulence factors —» PAMPs
proteolytic cascade —»
Spaetzle activation
Recognition
Extracellular v Spaet;le
space (cytokine)
Cytosol DmMyD88 MyD88 /Tyrap/TRIF/TRAM/TRAF6
Tube Pelle IRAK-1/IRAK-4
Cactus IxB Signaling
Dif NF-xB
[ [
N A4
Nucleus Dif NF-xB
_& _& Gene
transcription
Antimicrobial peptides Inflammatory cytokines

Figure 7.2 Simplified schematic representation of TolllTLR pathways in Drosophila and mammals. Toll and
TLRs activate an evolutionary conserved signaling pathway involving the Tolllinterleukin-1R domain adapters
DmMyD88 and MyDS8S8, the kinases IRAK and Pelle, the inhibitors Cactus and IxB, and the Rel family tran-
scription factors Dif and NF-kB. Mammalian TLRs are activated on direct binding of microbial molecular pat-
terns, whereas Drosophila Toll is activated by the cytokine Spaetzle.
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were lost or mutated beyond recognition during evolution in the classi-
cal invertebrate model organisms of insects and nematodes [14—16].
For example, genomes of Drosophila and Caenorhabditis lack compo-
nents of the complement system, which previously led to the assump-
tion that this pathway is restricted to the vertebrate system [15]. Other
examples are amplification of the Toll receptor and the tumor necrosis
factor (TNF) systems or the presence of components of the interferon
regulatory factor family observed in lower invertebrates [16].

In general, analyses of newly available genome sequences,
expressed sequence tag collections, and particular gene functions are
providing a clearer picture and a more reliable estimate of the quality
and amount of evolutionary changes occurring across the Metazoa
[14—16]. Different species belonging to Anthozoa (corals) and
Lophotrochozoa (annelids, molluscs) showed a significant better
recovery of shared genes with humans (Deuterostomes) than with
Ecdysozoa (nematodes, insects). These latter have high rates of
molecular evolution and have suffered from major gene loss; this
rapid genome change is likely to have occurred recently, and proba-
bly independently, in the fly and worm, associated with intense selec-
tion for small genome size, rapid developmental rates, and the highly
specialized lifestyles [17].

With the progress of research on different invertebrate groups, an
increasing number of genes, including antimicrobial peptides, compo-
nents of the complement system, those involved in intracellular signal
transduction of immune responses, extracellular C-type lectins,
cytokine-like proteins, immunoglobulin domains, are being continu-
ously discovered, revealing complex and sophisticated mechanisms of
host defense [3,4]. These studies indicate that the most successful
immune strategies have an early evolutionary origin and have probably
been conserved over the billion years of separate evolution of inverte-
brates and vertebrates because of their high defensive value [18]. From
studies on host defense systems at the genetic, molecular, and func-
tional levels in invertebrates, we can learn about the fundamental con-
served pathways, further expanding the general understanding of
innate immunity [1,3,4].

The potential of invertebrate immunology does not rely only on
conservation of the mechanisms of the immune response: other fac-
tors, such as environmental adaptation and life span of invertebrates,
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represent additional sources of information. Invertebrates represent
about 95% of animal species, and are widespread in all types of
environments, where they are subjected to a wide range of physical,
chemical, and biological variables, including a complex microbiota
that can represent an extensive attack of potential pathogens. As the
immune system represents the physiological mechanism to ensure
host survival in different habitats, invertebrate immunity provides an
ideal model system for investigation of their response, and subse-
quent evolution of immune defenses, to cope with both natural and
anthropogenic stressors in different environmental compartments
[7,19]. The study of the immune response through traditional
approaches, integrated with ecological, evolutionary, and population
biology theories, led to the development of one of the most rapidly
expanding fields of biology, “Ecological Immunology.” Ecological
immunology examines the impact of environmental stressors on the
immune response, and in particular, how these stresses act to create
and maintain the variation in the immune functions in the context of
evolution and ecology [7,20].

It has been thought for a long time that the evolution of immune
systems was needed to meet the requirements of an increasing life
span, and that animals with only the innate immune system are
simple and short lived. However, in comparison with classical
invertebrate models for innate immunity (i.e., insects or worms),
many invertebrate species (among them sea urchins, crustaceans,
and molluscs) show a much longer long average life span (years).
Others, like sponges and the freshwater polyp Hydra, are assumed
to be nearly immortal [19]. Although studies directly linking
immune responses and longevity are still scarce, recent investiga-
tions at the molecular level are providing indications about the
complexity and diversification of the immune gene repertoire, which
may contribute to the plasticity of immune responses in different
long-lived invertebrates [3,21].

Overall, despite the common features in the mechanisms of innate
immunity both at the functional and the molecular level, given the
wide differences in invertebrate groups, their adaptation to different
environments, and the enormous differences of life span, it is almost
impossible to draw a general taxonomy of invertebrate immunity in an
evolutionary context. However, the complexity of solutions displayed
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by different invertebrates to eliminate potential pathogens in the con-
tinuous arms race of host—microbe coevolution represents a wide and
promising field for investigating different aspects of immune response.

The utilization of different invertebrate models offers significant
advantages to the study of host—pathogen interactions, in particular
the opportunity to study early infection processes, because not all
interactions lead to disease. These interactions can also be investi-
gated at different levels of organization: from the molecular
approach, to in vitro and in vivo studies on circulating immuno-
cytes, in many invertebrate species to the whole-organism level, in
simpler, short lived, and thus genetically tractable model organisms
(i.e., insects and nematodes). These approaches can be used in
investigating responses to both natural pathogens for each species
and to pathogens common to vertebrates and humans. This work
appears to be promising in revealing common mechanisms of innate
immunity, including the identification of universal defense genes
and the pathways that control their expression in the response to
infection.

7.2 INVERTEBRATE IMMUNITY AS A TARGET FOR
ENVIRONMENTAL NANOPARTICLES

According to Baun et al. [22], invertebrate tests are well suited to gen-
erate reproducible and reliable nanotoxicity data to assess the envi-
ronmental impact of manufactured nanomaterials or nanoparticles
(NPs), due to the number and diversity of invertebrate species and
their important role in different environments, as well as in the poten-
tial transfer of NPs through food chains. Apart from traditional eco-
toxicity testing, it has been underlined how more specific assays, like
immunotoxicity tests, may help understanding the major toxic
mechanisms and modes of actions that could be relevant for different
NP types in different organisms [23]. Conservation of the general
mechanisms of innate immunity from invertebrates to mammals is a
key feature that represents a useful basis for studying common bio-
logical responses to environmental contaminants, including NPs.
However, given the heterogeneity of invertebrate immune systems,
basic knowledge of the immune system of the model invertebrate
used for testing the effects of environmental stressors, including NPs,
is mandatory.
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Research on the effects of NPs on the immune function in inverte-
brates is still in its infancy. Although immunotoxic effects of different
types of NPs have been described in Drosophila [24], sea urchins [25],
and polychaete worms [26,27], most available data so far are on
bivalve molluscs and earthworms.

7.3 BIVALVE MOLLUSCS AS AN INVERTEBRATE MODEL FOR
INVESTIGATING THE EFFECTS OF NANOPARTICLES ON
INNATE IMMUNITY IN AQUATIC ENVIRONMENTS

7.3.1 Bivalve Immunity

Due to the continuous development and production of NPs, their uptake
and effects in the aquatic biota represent a growing concern. Estuarine
and coastal environments are expected to represent the ultimate sink for
NPs, where their chemical behavior (aggregation/agglomeration) and
consequent fate may be critical in determination of the biological impact
[22]. Cell-mediated immunity and the phagocytic cells are being identified
as the primary target of NPs in aquatic organisms [28].

Suspension-feeding invertebrates are particularly at risk of NP
exposure, as they have extremely well developed systems for the uptake
of nano- and microscale particles integral to key physiological func-
tions such as intracellular digestion and cellular immunity [29]. Among
these, bivalves (Mollusca, Lophotrochozoa) are a relevant ecological
group, widespread in freshwater, estuarine, and marine environments,
with many edible species, and widely utilized as sentinel organisms to
evaluate the biological impact of different contaminants. Bivalve
hemocytes are responsible for cell-mediated immunity through the
combined action of the phagocytic process with humoral defense fac-
tors such as agglutinins (e.g., lectins), lysosomal enzymes (e.g., acid
phosphatase, lysozyme), toxic oxygen intermediates, and various anti-
microbial peptides [30]. Although bivalve hemocytes are extremely het-
erogeneous, in the marine mussel Mytilus spp. granular hemocytes
represent the dominant cell type (Figure 7.3) and are considered
mature cells being capable of phagocytosis, ROS and NO production,
release of hydrolytic enzymes and antimicrobial peptides. Responses of
mussel hemocytes to bacterial signals, cytokines, hormones, as well as
to a variety of contaminants, have been largely characterized: in these
cells, the immune function is modulated by conserved components of
kinase-mediated cell signaling [31].
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(A) (B) (©)

Figure 7.3 Representative images of Mytilus galloprovincialis hemocytes. (A) Optical microscopy of unstained
hemocytes and (B) Neutral-Red-stained lysosomes in granular hemocytes; (C) transmission electron microscopy
of a mature granulocyte; (D, E) confocal fluorescence microscopy of hemocytes stained with (D) Alexa Fluor®
647 Phalloidin for actin (red) and Sybergreen for nuclei (green), (E) Lysotracker (green) for the lysosomal
compartment. Kindly provided by C. Ciacci.

7.3.2 Effects of NPs in Bivalves

Increasing evidence supports the hypothesis that the immune function
in bivalves represents a significant target for the effects of NPs
(Figure 7.4). Although the first report of NP-induced immunomodula-
tion in vivo was provided in the freshwater bivalve Elliptio complanata
[32], the marine mussel Mytilus has been the species so far most
utilized for studies on the effects and mechanisms of action of NPs on
the immune function in vitro and in vivo (reviewed in Refs. [33—35]).
In vitro studies showed that different NP types are rapidly taken up by
Mytilus galloprovincialis hemocytes where they can affect a large num-
ber of functional parameters, from lysosomal function to phagocytic
activity and oxyradical production, and also induce proapoptotic pro-
cesses; the effects of NPs were mediated by stress-activated MAPK sig-
naling, as in mammalian phagocytes (Figure 7.4) [33—35].

These studies, carried out in a range of concentrations (pg/ml) similar
to those currently utilized for testing the responses to NPs in mammalian
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Figure 7.4 Summary of the in vitro and in vivo effects of N Ps on bivalve hemocytes [33—35].

cells, showed that the utilization of a battery of immunotoxicity tests in
mussel hemocytes allows the rapid and sensitive evaluation of the in vitro
effects of different types of NPs, from carbon-based NPs to n-metal oxi-
des [34,35]. Another advantage of using bivalve hemocytes is that because
bivalves have an open circulation, with blood often in direct contact with
tissues, hemolymph can be drawn through simple, noninvasive methods
(i.e., injection into the adductor muscle sinus). After sampling, animals
can be reimmersed in water, where rapid recovery of hemolymph volume
and circulating cells occurs. Overall, tests carried out in bivalve hemo-
cytes proved a powerful tool for the rapid screening of the immunomodu-
latory effects of NPs, and they may represent robust alternative methods
for testing chemicals within the REACH legislation (www.ec.europa.eu);
moreover, their utilization may provide a basis for future experimental
work for designing of environmentally safer nanomaterials. This
approach has been recently applied in a pilot study for the screening of
different NPs on the hemocytes of the oyster Crassostrea gigas [36]. The
effects of in vivo exposure to different types of NPs have been investigated
in different bivalve species, with effects mainly observed on lysosomal
and oxidative stress parameters, and on apoptotic processes at the tissue
level (mainly in gills and digestive gland), as well as on embryo develop-
ment; distinct responses and tissue accumulation were detected depending
on the NP type and on the concentration utilized [36].
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Figure 7.5 Possible pathways of in vivo uptake of a model NP type (n-TiO,) by Mytilus leading to immunomo-
dulation. Particle agglomerates in seawater are taken up by the gills, entrapped in mucus, and rejected as pseudo-
feces or directed to labial palps and mouth. From labial palps, particles are directed toward the digestive system
and to digestive cells in the hepatopancreas, where they can accumulate within the endolysosomal system or elimi-
nated with feces. From the hepatopancreas, particles can pass into the circulatory system (hemolymph) to immune
cells (hemocytes).

In Mytilus, NPs showed immunomodulatory effects also in vivo.
Exposure to different NPs [33,35], and in particular to n-TiO, uti-
lized as a model NP [33.35], allowed formulating a hypothesis on
the possible pathways leading to NP-induced immunomodulation
(Figure 7.5).

Due to the physiological mechanisms involved in the feeding pro-
cess, nano-Ti0, agglomerates/aggregates formed in seawater are taken
up by the gills and subsequently directed to the digestive gland, where
intracellular uptake of nanosized materials induces lysosomal perturba-
tions and changes in the expression of antioxidant genes and genes
involved in the immune response (namely lysozyme and antimicrobial
peptides) [33.35]. These results were obtained at NP concentrations
much lower (1—100 pg/l) than those usually utilized in ecotoxicity tests
on different aquatic organisms and closer to predicted environmental
concentrations [22,23]. Nanosized particles can then be potentially
translocated from the digestive system to the hemolymph, and to circu-
lating hemocytes, where nano-TiO, induced changes in functional
parameters, including lysosomal function, phagocytosis, ROS and NO
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(nitric oxide) production. Induction of preapoptotic processes was also
observed at both the plasma membrane (annexin binding) and the
mitochondrial level (changes in mitochondrial membrane potential and
cardiolipin oxidation). Moreover, significant changes in the expression
of antioxidant genes and immune-related genes, in particular antimi-
crobial peptides, were observed [33]. Interestingly, the effects of n-TiO,
on expression of immune genes were opposite in the digestive gland
(down-regulation) and hemocytes (up-regulation). Although a limited
number of genes were examined in this study, these data represent the
first evidence that NPs can modulate immune gene expression in
bivalves. Recently, the rapidly expanding application of DNA micro-
arrays and next-generation sequencing technologies offers new and
broader research perspectives, from the whole transcriptome coverage
to the Mytilus genome sequencing, leading to the identification of an
increasing number of immune-related genes that could represent the
target for different NPs [16,37,38]. Likely candidates are for example
the members of the Toll receptor family recently identified in several
bivalve species [16].

7.4 EARTHWORMS AS A MODEL FOR INVESTIGATING THE
EFFECTS OF NANOPARTICLES ON INNATE IMMUNITY ON
TERRESTRIAL INVERTEBRATES

7.4.1 Earthworm Immunity

Earthworms (Lumbricidae, Oligochaeta, Annelida) are mainly free-
living terrestrial animals living in soil, leaf litter, under the stones,
mainly in wetter, more heavily vegetated regions. As protostomian ani-
mals with a true coelom filled with coelomic fluid containing free coe-
lomocytes, they have no lungs and breathe through the skin. For the
gas exchange, it is necessary to keep the outermost layers moist by
excretion of mucus onto the skin, which contains several antibacterial
factors and thus represents the first protective barrier against invaders.
Each segment of the cavity is interfaced with the outer environment by
a dorsal pore enabling also the entering of the coelomic cavity by
microorganisms. Therefore, the coelomic cavity is not aseptic and
always contains bacteria, protozoa, and fungi from the outer environ-
ment. Earthworm skin with mucus is the first-line defense barrier
against pathogens, but once they enter the coelom, they are exposed to
cellular and humoral responses. The presence of phagocytes combined
with humoral factors can easily prevent the coelomic bacteria from
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Figure 7.6 The general scheme of the innate defense of earthworms.

multiplying. Exhausted phagocytes can then be eliminated through
dorsal pores. The attacking bacteria can be also excreted by nephridia,
while large foreign bodies, agglutinated bacteria, or parasites can be
eliminated by a process known as encapsulation (Figure 7.6) [39].

Earthworm coelomocytes are classified based on a differential stain-
ing, ultrastructure, and granule composition (Figure 7.7) into two basic
categories—amoebocytes (mainly immune function) and eleocytes
(mainly nutritive function) [40]. The existence of self- and nonself-
recognition in earthworms was proved already in the 1960s in trans-
plantation experiments showing the response to the allografts as well
as to xenografts [41], thus suggesting the occurrence of short-term and
limited memory based only on cells (Figure 7.7) [42].

Among humoral defense mechanisms, one of many antimicrobial
factors in earthworms is lysozyme that hydrolyze the 1,4-3-D-links
between N-acetylmuramic acid and N-acetyl-D-glucosamine residues
(GIcNAc) in the peptidoglycan of bacterial cell walls and thus
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Figure 7.7 Immunocytes of earthworm Eisenia andrei visualized by SEM. A—E—different types of adhered coelo-
mocytes, F—free small coelomocyte (SC) and large coelomocyte (LC), G—small coelomocyte, H—coelomo-
cyte-phagocyting glass beads. Kindly provided by E. Kauschke.

efficiently contributes to the protection mainly against Gram-positive
bacteria [43]. Only a limited number of antimicrobial peptides have
been described in annelids; one of them, a proline-rich peptide
named Lumbricin I, was isolated and characterized from Lumbricus
rubellus [44]. The coelomic fluid of FEisenia earthworms exhibits
numerous biological activities including bacteriostatic and bacterio-
lytic activities that are often connected with hemolytic activity. One
group of characterized hemolytic and antimicrobial molecules is
represented by fetidins [45] and lysenins [46], having antibacterial
activity against both Gram-positive and Gram-negative bacteria.
Moreover, these molecules are able to bind to sphingomyelin, a
major lipid constituent of plasma membranes of most mammalian
cells, where they polymerize and form channels through the lipid
bilayer [47].

The recognition of microbial pathogens, as an essential element of
the innate immune response, is mediated by pattern-recognition recep-
tors (PRRs) recognizing molecular structures broadly shared by patho-
gens, known as PAMPs. The recognition of PAMPs by PRRs, like
Toll-like receptors (TLRs), subsequently leads to the activation of sig-
naling pathways resulting in the production of various inflammatory
cytokines and antimicrobial peptides [48]. In annelids, TLRs were
identified in the leeches Helobdella robusta and Hirudo medicinalis, and
polychaete Capitella capitata [49,50].
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Coelomic cytolytic factor (CCF) is a well-characterized 42-kDa lytic
protein originally found in Eisenia andrei, acting in earthworm defense
as a pattern-recognition molecule [51]. CCF is present on cells of the
mesenchymal lining of the coelomic cavity as well as on free coelomo-
cytes, and is also secreted into the coelomic fluid in a soluble form
[52]. It shares functional analogies with the mammalian cytokine TNF
based on similar saccharide-recognition specificity. CCF is formed by
two spatially distinct lectin-like domains with the different binding spe-
cificities for PAMPs: one domain located in the central part of the
molecule interacts with lipopolysaccharide (LPS) and (3-1,3-glucans,
and the second domain located in C-terminal part interacts with pepti-
doglycan constituents. Upon binding of PAMPs, CCF triggers the acti-
vation of the prophenoloxidase (proPO) cascade [53]. The proPO
cascade is a sensitive and efficient defense system consisting of several
proteins, such as zymogenic proteinases, proteinase inhibitors, proPO,
PO, and PRRs with the final product melanin [54]. Melanin exhibits
fungistatic, bacteriostatic, and antiviral properties and is involved also
in wound healing and defense reaction. In earthworms, melanization
reactions accompany the cellular defense reactions of the host, that is,
encapsulation, resulting in the formation of so-called brown bodies.

7.4.2 Effects of NPs in Earthworms

Earthworms, constituting 60—80% of soil biomass, are widely used in
standard toxicity tests for studies of soil pollution recommended by the
International  Organization for Economic Co-operation and
Development and International Organization for Standardization.
Earthworms appear to be suitable as biomonitoring organisms, partic-
ularly for their permanent direct contact with soil by both external and
internal (intestinal lining) surfaces. Therefore, earthworms are effec-
tively used in the research of nanomaterial interactions with living
organisms and in assessing environmental nanosafety.

The widespread use of silver NPs leads to their release into the envi-
ronment mainly through wastewater treatment plants as they enter the
soil via biosolids or as the effluent from manufacturing processes.
Hazards and risks of NPs exposure can be assessed at different end-
points. Profiles of proteins, metabolites, and gene expression represent
rapid and sensitive responses of the organism to contaminant exposure.
Endpoints at cellular level include induction of apoptosis, production
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of ROS, changes in mitochondrial membrane potential, reduction of
ATP levels, production of cytokines, changes in phagocytic activity,
and so on. Effects of NPs can be observed at the tissue level (histologi-
cal changes), organism level (survival, growth, and reproduction), and
population level (population growth rate and stage distribution).

In Eisenia fetida, in vitro exposure to Ag NPs induced accumulation
of Ag NPs in coelomocytes, predominantly in a phagocytic population,
with resultant oxidative stress and subsequent alteration of immune
signaling [55]. Changes in the expression of nine stress response genes
and in catalase activity [56], inhibition of glutathione reductase, acid
phosphatase and Na™, K*-ATPase, were also described [57]. In con-
trast to a high accumulation of cobalt derived from Co NPs in the
blood and the digestive tract, there were practically no Ag ions
released and Ag NPs were excreted rapidly by earthworms essentially
as intact particles [58].

In Lumbricus terrestris, in vivo exposure to nano-TiO, induced
apoptotic processes. The highest apoptotic frequency was found in
the cuticle, intestinal epithelium, and chloragogenous tissue, but no
bioaccumulation of TiO, nanocomposites was observed, suggesting
no permeation of these NPs into the coelom [59]. In vitro analysis in
E. fetida showed that nano-TiO, was taken up by coelomocytes, and
they could modify the molecular response of immune and detoxifica-
tion system. Nano-TiO, caused an increase in fetidin and metal-
lothionein (MT) messenger RNA (mRNA) expression, while the
expression of CCF was decreased [60]. This study revealed that
immune genes involved in defense mechanism appear to be very sen-
sitive to nano-TiO, exposure. Furthermore, TiO, byproducts were
shown to be bioaccumulated in earthworm tissue, to decrease phago-
cytosis, to increase expression of MT and superoxide dismutase
mRNA, and to induce apoptosis [61]. NMR-based metabolomics as a
more sensitive measure of E. fetida response to nano-TiO, in soil was
used for detection of specific damage at the cellular or molecular
level. This method revealed significant changes in metabolic profile
consistent with oxidative stress as a proposed mechanism of toxicity
[62]. Hu et al. showed that nano-TiO, as well as nano-ZnO could be
accumulated in E. fetida and cause harmful effects such as oxidative
stress, mitochondrial damage, biochemical and genotoxic responses,
when its levels exceeded 1 g kg ' in soil [63]. The dose of particles is
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one of the determining points for the reaction of immune system of
the host. The toxicity of Cu NPs was tested mainly in enchytraeid
Enchytraeus albidus in vivo, where induction of oxidative stress and
differential gene expression were described. Moreover, microarray
analysis revealed altered mRNA levels for specific genes mainly
involved in metabolism, transcription, and translation or in the stress
response, indicating oxidative stress conditions [64,65].

In vivo exposure of L. rubellus to fullerene NPs (Cqp) in soil caused
a reduction in growth and development [66]; sublethal concentrations
of Cgy also decreased gene expression of heat shock protein 70 and
CCF. Moreover, earthworms exposed to Ceo showed a damaged cuti-
cle, with underlying pathologies of epidermis, muscles, and gut bar-
rier [67]. This is in accordance with other findings, where
coelomocytes exposed in vitro to Cgy showed decreased gene expres-
sion of CCF, indicating immunosuppression [68]. On the other hand,
in E. fetida, neither response of antioxidant enzyme expression or
activity nor acute toxicity as a result of Cgy occurrence in soil were
detected [67.69].

Only a few papers exist about the toxicity of other types of NPs on
earthworms. Different effects of nano-ZnO on E. fetida, including mor-
tality, antioxidant enzyme activities, or accumulation of Zn in tissues,
depending on the method of exposure, were described [70]. Nanosized
zero-valent iron (nZVI) is used as a new remediation agent for contami-
nated soils, but it was shown that common field doses of nZVI have an
acute adverse effect (reduced growth and reproduction, mortality), on
both E. fetida and L. rubellus [71]. Also Au NPs were observed to cause
untoward impact on E. fetida reproduction, and moreover, distribution
of NPs in tissues of detritivores was demonstrated [72].

7.5 CONCLUSIONS

The increasing production and usage of nanosized products in vari-
ous applications is followed by the necessity of assessing their safety
for both humans and wildlife. Evaluating the interactions of NPs
with the immune system is becoming an essential part of assessing
nanosafety. The immune system is a dynamic network of cells, tis-
sues, and organs that safeguard the body against attacks by invaders
and protects against disease by identifying “self” and “nonself.” NPs
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can be prepared to avoid immune system recognition, but when they
are seen as foreign by the immune cells, it may result in a multilevel
immune response. The interactions between NPs and the components
of the immune system in wildlife are recently under intensive investi-
gation. In this light, conservation of the main mechanisms of innate
immunity from lower invertebrates to man may greatly help in under-
standing the possible interactions of NPs with the immune system. It
has been shown in both aquatic and terrestrial models that various
NPs can cause a broad scale of impacts, from slight changes of gene
expression to the death of animals. The interactions of NPs with the
immune system are influenced by many conditions, including the
physicochemical characteristics of the particles (i.e., surface charge,
NPs size, hydrophobicity, hydrophilicity, coatings) as well those of
the receiving environment, routes of exposure in different cells and
organisms. The utilization of invertebrate models also represents a
promising field for designing environmentally safer, “green”
nanomaterials.
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8.1 THE ROLE OF IMMUNITY IN NANOSAFETY

The previous chapters have elaborated the special role of immunology in
nanosafety assessment: due to its ability to sense nonself and to respond
to danger signals with vigorous defense mechanisms, the immune system
is ideal for monitoring of potential early reactions toward nanomaterials.
Innate immunity has evolved to respond very quickly to threats, as
microbial pathogens can multiply exponentially once they have colonized
the body. A very fast defense is therefore of utmost importance for sur-
vival, because slower reactions may be overwhelmed by the sheer number
of microorganisms, and the body may already be too much weakened to
survive the infection. The evolutionary advantage of fast immune
responses is clear, and indeed the first components of innate immunity
are already found in single-cell eukaryotes like amoeba [1] and, in more
developed forms, key components of innate immunity are present in all
multicellular organisms (Chapter 7) [2].

These characteristics imply that in particular the innate immunity
can provide early readouts. Changes in protein expression, for exam-
ple, secretion of cytokines and chemokines, are easily detected. The
earliest secreted proteins are detectable within 1—2 h by standard tech-
nologies like ELISA. Some effects on signaling pathways and gene
expression are detectable within minutes after stimulation.
Importantly, reactions of innate immunity usually occur much earlier
and at much lower stimulus concentrations than cell death, an event
that is assayed by a variety of tests that measure either viable cells or
dead cells. Thinking about the safety profile of a novel material, we
would like to know at what point detrimental changes occur, which
may be much earlier than the lethal dose for cells or organisms. Some
aspects cannot be properly addressed by immunological endpoints, for
instance genotoxicity, so additional methods are always required.
However, we know that immune responses provide early warning



114 Albert Duschl

signs, including cell stress that is induced along with the start of innate
reactions. In any case, it is important to distinguish between a simple
reaction, which is a sign of recognition of nonself and therefore a
normal “physiological” defense activity, and a prepathological detri-
mental response, such as a response that does not resolve with time or
is too intense or persists too long. If detrimental responses are detected
only at concentrations that are much higher than any reasonable sce-
nario for human exposure would suggest, then the material should be
considered as safe according to the best available knowledge.

Immunity has evolved mechanisms for recognizing very specifically
nonself-entities associated with danger, along with the ability to main-
tain an “immunological memory” throughout life. These mechanisms,
which are collectively called adaptive immunity, are found in verte-
brates, down to the level of teleost (bony) fish [3]. These adaptive
mechanisms respond slower and take several days to develop. First sig-
nals may by readable after 1—2 days. Even if those readouts—secreted
and membrane-bound proteins, along with changes in transcriptome,
metabolome, and specific signaling pathways—are slower than innate
reactions, they contain valuable additional information. The immune
system can respond in different ways, and at the interface between
innate and adaptive immunity we find the answers to a crucial issue:
some hallmarks of inflammation and cell stress are induced under con-
ditions that fall well within the range of a normal environment. We
will then observe fluctuations that are part of the body’s main func-
tion, which is to maintain homeostasis. If we observe massive release
of pro-inflammatory cytokines initiated by innate immune mechan-
isms, we are looking at a full defensive response that indicates immi-
nent danger. In contrast, very low levels of mediators may be
considered to be insignificant, reflecting a minor response to a harm-
less stimulus. Where is the border between these two situations? That
is hard to define for readouts of the innate immune system, but it can
often be clearly stated for adaptive immunity.

One of the functions of adaptive immunity is to ensure tolerance
against stimuli that have been assessed and were classified as harmless.
Finding anergic T cells, or, more easily, regulatory T cells (Tregs)
induced by a particular nanomaterial indicates an active effort not to
react to a harmless substance. Regulatory T cells can be characterized
by markers like the transcription factor FoxP3 and—technically sim-
pler—by secretion of the immunosuppressive cytokines, IL-10 and
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TGF-3, which are detectable for example by ELISA. The establish-
ment of tolerance implied by the differentiation of Tregs would be con-
sidered the best available proof the immune system considers a specific
type of nanoparticle (NP) as being not dangerous.

On the other hand, if a dangerous entity should be present, the
innate immune mechanisms create a milieu that favors the develop-
ment of type-1 immune responses, associated with specific T cell sub-
sets (Tyl, Tyl7, Ty22). Allergic reactions, using type-2 immune
responses, are characterized by Ty2 and probably Ty9 cells. All these
cell types can be identified and their development gives us specific
information about the ongoing response. In cases of an active immune
response, examining adaptive reactions thus provides insights into the
defensive mechanisms that are invoked, which may in turn help to
identify the features of the nanomaterial that led to immunotoxicity.

8.2 CHALLENGES FOR THE FURTHER DEVELOPMENT OF THE
FIELD

If you ask immunologists about the most irritating problems in their
practical work with nanomaterials, the contamination of samples will
probably be close to the top of the list [4,5]. Immune cells are exqui-
sitely sensitive to bacterial compounds, and it is very difficult to reli-
ably exclude those ubiquitous materials. Testing for lipopolysaccharide
(LPS) is only part of the answer because many other bacterial com-
pounds are also powerful stimuli for immune cells, but in contrast to
LPS there is usually no commercial assay available to test for them.
LPS can be destroyed by heating to 250°C, but many materials will
not stand that kind of treatment. Even if a batch of NPs has been ren-
dered totally free of bacterial products, it may be a problem to keep
them out during transport, storage, and handling. It is an acute prob-
lem to distinguish true NP effects from those of bystander substances.

The contamination issue leads to the development of refined proto-
cols that imply the use of rigorously purified NPs. This is a valuable
approach for work toward understanding the mechanisms of interac-
tion between NPs and biological entities, but as methods get more and
more refined, they get less and less able to work with real-life particles
that are not ultraclean. More elaborate methods are also less likely to
be suitable for testing large numbers of samples. The latter would be
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important to deal for example with batch-to-batch variability of NPs,
which can be quite substantial. One would sometimes want to test
every batch of NPs at least with some quick tests and, considering the
large number of samples that it may be desirable to test, such tests
should also be robust and affordable. Reporter genes induced by
promoters activated in cell stress and early immune reactions are an
example of suitable models for medium-to-high throughput formats
and still give information on relevant endpoints for the assessment of
nanosafety [6—8&]. The technical development of the field is thus mov-
ing in two different directions: more elaborate techniques are designed
to understand the bona fide interactions between NPs and cells at a
mechanistic level, and more robust assays are developed to deal with
large numbers of samples that are not clean and contain a mixture of
NPs and other types of materials. For materials collected on-site, it is
likely that engineered NPs will constitute only a fraction of the total
material, so it is a challenge to develop protocols that allow, under
such conditions, assessing NP effects specifically.

Considering on-site situations, for example, in the workplace,
chronic and repeated exposure have to be taken into account. It is
essentially impossible to assess this properly with cell culture methods.
Even well-maintained cultures of primary cells deteriorate after a few
weeks, while with continuous cell lines the risk of accidental contami-
nation is high due to the frequent manipulation of the cultures that is
necessary to keep the cells alive. In case of a contamination with bacte-
ria or yeasts or mycoplasmas, the culture has to be discarded. Even if
no such accidents occur, a few weeks of tests are not accurately reflect-
ing the situation of workplace exposure that may go on for years.

Exposure of laboratory animals would be theoretically an alterna-
tive, but the large number of mice or rats needed as sentinels is rais-
ing ethical issues. A specific ethical problem is that for on-site
exposure it would not be clear which endpoints are relevant. Indeed,
because for many endpoints mouse inflammatory responses may sig-
nificantly differ from those in humans, knowing the endpoints is
mandatory for establishing the relevance of the animal models [20].
Thus, planning animal experiments without a real hypothesis is a
clear violation of the 3R principle, besides risking to be useless or,
even worse, misleading. In addition, maintaining for example a
rodent colony over years is expensive, and we cannot expect that
many people in the workforce would be cheerful about mice or rats
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kept next to them, even if it is done for monitoring their own work-
place safety.

The evolutionary ancient roots of the immune system allow another
perspective. Many responses are evolutionarily conserved, so it may be
possible to wuse invertebrates for monitoring purposes [1,3].
Environmental science has developed many models that allow follow-
ing the development of small invertebrates over many generations. It
would be interesting to compare conserved immune parameters in such
invertebrates. These models are cheap and do not raise ethical pro-
blems, and in addition there are suitable organisms both for terrestrial
and aquatic exposure, as elaborated in Chapter 7. For assessing
chronic and repeated exposure, using invertebrates is an interesting
perspective.

8.3 UNDERSTANDING MOLECULAR MECHANISMS

The most desired situation is to avoid altogether producing nanoma-
terials that may cause problems through the implementation of
“safety-by-design” procedures. In order to do this, it is important not
only to correctly identify the existence of a problem but also to
understand the molecular mechanisms that are responsible for the
problem observed, eventually correlating them with the NP features
[9]. Ideally, it may then be possible to re-engineer the materials in
such a way that their desired features are maintained while the prob-
lematic aspects are lost.

Understanding the molecular mechanisms underlying the observed
toxicity of some nanomaterials will be crucial to further progress of
the field. NPs may be carriers of other substances (like LPS or chemi-
cals carried over from synthesis), they may dissolve in the body into
potentially dangerous compounds like metal ions and, in case of long
and stiff fibers, fiber toxicity related to frustrated phagocytosis, oxi-
dative stress, and apoptosis may be induced [10,11]. Rather specific
for some NPs is their ability to induce production of reactive oxygen
species (ROS) at their surface [12—14]. Immune mechanisms play a
role in several recognized pathways (cell stress induced by toxic
compounds, frustrated phagocytosis, ROS production, etc.), but often
it is not understood why the immune system responds to some types
of NPs. This uncertainty is reflected in conflicting literature reports,
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of which many examples have been quoted in the previous
chapters. In these cases, it is usually not clear why different results
are obtained even with allegedly identical nanomaterials. Many dif-
ferent explanations may be suggested, including slight but crucial dif-
ferences in nanomaterials used, contamination with various agents,
aging processes, different cell lines and biological materials, time
points of measurement, etc. The high variability of NPs encounters
high variability of the biological test systems. For example, even if
the same stable cell line was used it cannot be taken for granted that
the cells will react the same way in different laboratories. Culture
conditions and media may vary, cell lines are often mislabeled [15]
and, even if they are correctly identified, cells of the same cell line
propagated in different laboratories may have individual properties
due to genetic drift.

How to get out of that quagmire? While rigorous controls at every
step help to reduce problems, the only real solution is an improved
understanding of the molecular mechanisms that mediate interactions
between NPs and the immune systems. If it is known that a specific
receptor gets activated and that such activation is related to health pro-
blems, it is possible to test directly for the activation of that receptor
and ignore much of the other events. The situation is similar to the
case of carcinogens, where a clear understanding is gained only when
the mechanism of action is understood. The same applies to immune
reactions.

We know a lot about the molecular mechanisms that lead to
breach of tolerance against pathogens and parasites. Sensing of
bacterial or viral compounds via pattern-recognition receptors is
well understood, and the recognition of endogenous danger signals
released, for example, by necrotic cells is also an established para-
digm. We know that specific peptides and antigen structures are
recognized by T cells and by B cells, respectively, resulting in pow-
erful adaptive immune reactions. For some particles, activation of
inflammasomes has been shown, and it is recognized that this
depends, for example, in the case of carbon nanotubes, on their
functionalization [16]. Studies of this type have the potential to link
very specific features of nanomaterials with equally specific features
of immune components. An increased understanding of the molecu-
lar mechanisms involved in these interactions will allow developing
quick tests for evaluating the most crucial endpoints, to implement
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safety-by-design strategies, and to suggest new paradigms for the
medical application of nanomaterials for suppressing, activating, or
modifying immunity.

8.4 APPLYING NANOTECHNOLOGY IN IMMUNOLOGY

An immediate benefit of nanotechnology is that it enables immunolo-
gists to learn more about the immune system. Nanosized particles have
been around since the beginning of life, and distinguishing harmless
dust from dangerous viral particles of the same size has been a perpet-
ual task of the immune system. In particular, we can expect to learn
more about the mechanisms for establishing tolerance, as this will usu-
ally be the best response when abiotic nanosized particles are
encountered.

A recent cover of Nature Reviews Immunology (August 2013)
featured the topic “Immunological applications of nanotechnology”
[17], so the immunological community is fully aware of the exciting
new possibilities deriving from these new materials. The greatest
interest is created not by questions of nanosafety—so far a more
niche type of topic—but by the desire to develop new tools for pre-
ventive and therapeutic applications. Immunomodulatory effects of
NPs can result in immune activation (mostly in the form of inflam-
mation) but they can also lead to immunosuppression. Both pathways
are eagerly followed up.

Immune activation by abiotic materials is a key feature of adju-
vants, and using NPs in adjuvant formulations for improved efficacy is
a major area of research right now. The adjuvant effect is clearly
desired for vaccination, but it can also be exploited when NPs are used
as drug carriers. For example, stimulating certain types of inflamma-
tory processes helps to destroy cancers [18]. A nanodrug that carries a
cytostatic agent could as well provide immunoactivating signals at the
same time: two very different antitumor effects from the same drug,
which may be synergistic for therapy.

Immune suppression is a major issue in autoimmunity, allergy, and
in transplant patients. Existing immunosuppressive treatments are suc-
cessful but not satisfactory, because they generally suppress immunity
rather broadly, with the collateral effect of putting patients at risk of
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Table 8.1 NPs and the Immune System

* NPs mostly fail to trigger an immune response (lack of recognition, active immunological tolerance)

* NPs may induce an inflammatory immune response (both innate and adaptive) against themselves and
against adsorbed proteins (foreign molecules, modified self-proteins) in some circumstances

* Immune responses triggered by NPs do not result always in pathology (resolution of the response is the
normal outcome)

* NPs may contribute to persistent inflammation and tissue destruction, with pathological consequences, in

some circumstances

Assessing NP interaction with the immune system can provide sensitive and relevant endpoints for

detecting early reaction

Exploiting NPs for modulating immune responses is the most promising avenue of nanomedicine:
inducing localized inflammatory reaction to amplify immunogenicity of vaccines (adjuvant effect)
inducing high-dose tolerance to autoimmunity-associated peptides
selectively suppressing or enhancing phagocyte effector functions (e.g., in inflammatory diseases vs.
tumors)

infections. In addition, when the doses used are/become insufficiently
effective, this results in loss of tolerance and organ rejection. More
powerful or more specific immunosuppressants are among the
drugs under development in nanomedicine. For instance, induction of
tolerance against autoimmunity-causing self-peptides by delivering
high doses of them with NPs is among the goals of achieving specific
immunosuppression of the autoimmune reaction without having the
side effects of general immunosuppression [19].

We can expect in the future that nanotechnological developments
will contribute to the progress of immunological research and to its
application for preventing and curing disease (Table 8.1). It is to be
hoped that immunology can also aid the progress of nanotechnology,
by providing suitable methods for identifying hazardous compounds
early on in product development, and by helping to monitor NP effects
to ensure safety of workers, consumers, and the environment.
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Adaptive immunity the complex of defensive immune activities that are antigen-specific. Adaptive
immunity develops slower than innate immunity, but achieves much higher selectivity and
forms an immunological memory. Upon re-infection, an antigen can be cleared faster.

Alarmin a danger signal for the immune system resulting from the own body, often a DAMP.

Anergy a state in which a T cell becomes permanently inactivated, induced by an episode of
insufficient stimulation.

Antibody soluble or membrane-bound proteins that can bind two identical antigens. They are
produced by B cells and are the mainstay of many processes in adaptive immunity. Numerous
antibodies are used as medical drugs, due to the high specificity which they achieve.

Antigen every entity that can be specifically recognized by antibodies or antigen receptors.

APC antigen-presenting cells (APCs) are dendritic cells, macrophages, and B cells. They express
MHC-II and can activate adaptive immunity.

Apoptosis programmed cell death, a normal and frequent event in the body. No danger signals
are released, in contrast to necrosis.

B cell/B lymphocyte cell of the adaptive immune system that upon antigen triggering and specific
T-cell help becomes a plasma cell that is producing antigen-specific antibodies.

Cell stress a fixed set of cellular responses that are induced by any perceived disturbance (physical,
chemical, and biological) via a wide variety of sensors. Cell stress reactions aim at re-establishing
cellular homeostasis.

Complement a set of blood proteins that can induce inflammation and kills targets by forming holes
in bacterial membranes. Antibody-coated bacteria are particularly attacked by complement. The
process does not require immune cells but is mediated entirely by blood proteins.

Cytokine the cytokines are soluble proteins that are used for communication of immune cells
with each other and with tissue cells. Examples include various interleukins, interferons, and
growth factors.

DAMP danger-associated molecular patterns (DAMPs) are signals produced by the body that
indicate acute damage. Many DAMPs are released by cells dying during necrosis.

Dendritic cell (DC) leukocyte population specialized in antigen presentation. DC can be a differ-
entiation stage of monocytes and are often the first cells to recognize nonself, which results in
activation of adaptive immune responses.

Immunogen every entity that is able to raise a specific immune response. An immunogen is also
an antigen, whereas the reverse is not true.

Immunoglobulin synonym for antibody.

Inflammasome a protein complex of somewhat variable composition that is formed in immune
cells upon sensing of serious alarm signals. Inflammasome formation leads to the production
of active pro-inflammatory and fever-inducing cytokines.

Inflammation classically defined by reddening, swelling, pain, increased temperature, and
reduced function. These symptoms are mediated by innate immunity. The swelling, for exam-
ple, is due to immune cells that migrate to a site of infection.

Innate immunity the complex of nonspecific rapid defensive immune reactions relying on pathogen
recognition by a fixed set of receptors that are active from birth. It is often used as synonym for
inflammation. However, some adaptive immune mechanisms can also contribute to inflamma-
tion as well.

Leukocyte white cell of the blood. Leukocytes include mononuclear and polymorphonuclear
phagocytes, lymphocytes, dendritic cells, and NK cells.

Lymphocyte a class of mononuclear immune cells belonging to the adaptive immune system.
Lymphocytes include T (thymus-derived) and B (bursa-derived) cells that upon antigen activation
differentiate into a variety of specific effector cells.

Macrophage highly phagocytic cells in tissues with many functions, including elimination of
pathogens, antigen presentation, and removal of debris. Several subsets can be distinguished,
which are adapted to functions in specific tissues.
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MHC a membrane protein complex that occurs in two versions: MHC-I is produced on all
nucleated body cells. It contains peptides derived from the proteins that are produced by the
cell. Appearance of unusual peptides indicates deviation, for example, virus infection or
tumor formation. Such cells are destroyed by cytotoxic T cells. MHC-II is produced only by
antigen-presenting cells. Here the peptide contained in the MHC complex is derived from
entities taken up by the presenting cell. Nonself-peptides can stimulate adaptive immunity by
activating T-Helper cells.

Monocyte an immune cell in the blood that can efficiently take up invaders, like bacteria, but,
in contrast to the neutrophil, is long lived. Ingested microorganisms get digested.

Necrosis violent and unplanned death of a cell, usually resulting in the release of DAMPs, which
lead to activation of innate immunity.

Neutrophil an important effector cell in innate immunity that is especially suited to take up and
kill bacteria. Pus is mostly neutrophils that have eaten themselves to death with bacteria.

NK natural killer. NK cells are innate effector cells that can recognize anomalous cells (e.g., tumor
cells) and kill them.

PAMP pathogen-associated molecular patterns (PAMPs) are structures shared by many bacteria
or viruses. They are recognized by specific receptors that trigger inflammation.

Pentraxins serum proteins with various functions. In immunity they recognize PAMPs and
activate inflammation processes.

Phagocyte specialized innate immune cell able to ingest and degrade foreign material; phagocytes in
humans include mononuclear phagocytes (monocytes and macrophages) and polymorphonuclear
leukocytes (neutrophils or PMN).

PMN an abbreviation that stands for polymorphonuclear leukocyte or neutrophil.

Polymorphonuclear cell or polymorphonuclear leukocyte, one of the two types of phagocytic
leukocytes in the blood, which extravasates and enters the affected tissue in situations of
damage or infection.

ROS an abbreviation that stands for reactive oxygen species, produced by activated phagocytes,
have potent microbiocidal and membrane-damaging capacity.

T cell/T lymphocyte a lymphocyte derived from thymus, which upon activation can functionally
differentiate into antigen-specific T-helper, T-cytotoxic, and T-memory cells.

TLR Toll-like receptor, a class of innate receptors structurally related to the Drosophila Toll
molecule. In man, there are 10 TLRs that recognize different ranges of molecular patterns.
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